Remote control and position detection by micro whistles by Ibargüen Albentosa, José Manuel
 I 
 
Remote Control and Position Detection by Micro Whistles 
 
 
 
Von der Fakultät für Maschinenwesen der Rheinisch-Westfälischen Technischen Hochschule Aachen 
zur Erlangung des akademischen Grades eines Doktors der Ingenieurwissenschaften  
genehmigte Dissertation 
 
Vorgelegt von 
Jose Manuel Ibargüen 
 
 
 
 
 
 
 
 
Berichter:  Universitätsprofessor Dr. rer. nat. Werner Karl Schomburg 
 
Universitätsprofessor Dr.-Ing Jörg Feldhusen 
 
 
 
 
Tag der mündlichen Prüfung: 4. Mai 2015 
 
 
 
 
 
 
 
 Diese Dissertation ist auf den Internetseiten der Universitätsbibliothek online verfügbar. 
 
 II 
 
Acknowledgements 
I would like to express first my gratitude to Professor. Werner Karl Schomburg, my supervisor. He 
gave me the opportunity of enrolling in this research adventure. Under his supervision, I learned the 
values of research activity and how to face the challenges of a project that seeks to find new 
solutions to the demands of our society. I am also grateful to Mr. Christof Gerhardy, Chief Engineer 
and the author of the dissertation in which this work is based. His support has been crucial and I 
render thanks to him for all the advice in times when I felt lost. 
 
Heartfelt thanks to all my colleagues. It was a pleasure to share this time with them, and have lived 
together countless anecdotes. I especially want to thank Thomas, for his invaluable support and 
priceless help in all kinds of technical issues. To Sebastian, Alex, Johaness, Tim, Phillip, Sijie, Inge, and 
all the rest; I will never forget you. 
 
I do not want to forget Dr. G. Behler, from the Institute of Technical Acoustics (ITA), for having kindly 
attended to my inquires those times I requested his help. Thanks also to the DFG (Deutsche 
Forschungsgemeinschaft) for having funded my project.  
 
I want to dedicate this work to my father for his vital advice, confidence and support, and to my 
mother and sisters. You are the most important persons in my life. And to all those who I carry in my 
heart; Fran, Mario, Fabi, Laura, Miguel, Irene, all my friends of Murcia and many others, and of 
course, all the wonderful people I have met these years in Aachen. 
 
 
En primer lugar me gustaría agradecer al Profesor W. K. Schomburg por darme el honor de poder 
embarcarme en esta aventura investigadora de 3 años. Bajo su supervisión, he aprendido los valores 
de la actividad investigadora y a como afrontar los retos de un proyecto que busca encontrar nuevas 
soluciones a demandas de nuestra sociedad. Quiero agradecer también a Christof Gerhardy, jefe de 
ingenieros y autor de la tesis de la que este trabajo es una continuación, por su apoyo en cuestiones 
técnicas de todo tipo y su consejo en momentos en los que me sentí perdido. 
Gracias de corazón a mis colegas del instituto. Ha sido un placer compartir este tiempo con ellos y 
haber vivido juntos infinidad de anécdotas. Quiero agradecer especialmente a Thomas, por su apoyo 
y su inestimable ayuda en todo tipo de cuestiones ténicas. A Sebastian, Alex, Johaness, Tim, Philipp, 
Sijie, Inge y todos los demás compañeros, jamás os olvidaré.  
No me quiero olvidar de G. Behler, del Institute of Technical Acoustics (ITA), por haberme atendido 
amablemente aquellas veces que solicité su ayuda. Y a la DFG por haber financiado mi proyecto.  
Quiero dedicar este trabajo a mi padre por su vital confianza y apoyo, y a mi madre y mis hermanas. 
Sois las personas más importantes en mi vida. Y a todos aquellos que llevo en el corazón: Fran, Mario, 
Fabi, Laura, Miguel, Irene y todos mis amigos de Murcia y  también, por supuesto, toda la gente 
maravillosa que he conocido estos años en Aachen.  
 III 
 
  Abstract  
Micro whistles are devices inspired by flue-type instruments, and consist basically of 
a tube with an inlet and outlet hole. When air is blown through the inlet hole, the 
micro whistle emits a tone with an approximately defined frequency. This frequency is 
a function of the air pressure supplied, and its nominal value is determined by the 
geometry of the whistle. 
Micro whistles can be used as remote controls, if two or more of them with different 
nominal frequencies are actuated simultaneously. The air is pushed through the 
whistles by simple pushbuttons that are manually actuated. This allows a battery-free 
remote control, since micro whistles can be entirely manufactured from plastic.  
The lower limit of the range of available frequencies is set by the upper threshold of 
the human hearing range, approximately 20 kHz. The upper limit is limited mainly by 
the frequency response of the employed microphone. The dependence of the emitted 
frequency on the air pressure supplied poses then a problem for remote controlling 
applications. The more sensible the frequency is on air pressure variations, the less 
different nominal frequencies can be distinguished within this range. Work has been 
done to study how different geometric parameters of the whistles influence this 
relation, seeking to reduce the sensibility of the frequency with the air pressure 
supplied. Moreover, different types of pushbuttons have been developed, in order to 
supply air pressure as constant as possible and independent on the actuation force.  
A method for the production of micro whistles is ultrasonic hot embossing and 
welding. This method allows cheap and fast manufacturing of micro whistles, but also 
implies a geometric variability even when fabricated with the same set of tools. The 
process of fabrication has been improved by developing tools. 
A remote control composed of 11 different ultrasonic whistle pairs (emitters), with a 
recognition success of more than 94% in 10 of the 11 emitters. The range of used 
frequencies was from 19 to 31 kHz, and the range of frequency variation remained 
below 2 kHz for all the whistles. A switch that allows emitting different encoded 
acoustic signals with one single pushbutton is presented; besides, it has been 
investigated how a parabolic mirror attached to an ultrasonic emitter composed of 
two micro whistles can collimate the emitted sound. This allows actuating different 
receivers with a single emitter.  
It has been shown that it is possible to locate micro whistles by measuring the time 
difference of arrival (Δt) of the emitted sound at different receivers. The location in the 
plane of a single whistle was measured using 4 microphones within a region of 2 × 2 
m2 with an accuracy of less than 20 mm. Besides, it has been found that the calcula-
tion of Δt is more precise for emitters with two whistles.  
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Kurzfassung 
Bei Mikropfeifen handelt es sich um Geräte die von Aerofon genannten Instrumenten 
inspiriert sind. Sie bestehen hauptsächlich aus einem Kanal mit einem Ein- und 
Austrittsloch. Wenn Luft durch das Einlassloch eingeblasen wird, sendet die 
Mikropfeife einen Ton mit einer grob festgelegten Frequenz aus. Diese Frequenz ist 
abhängig vom zugeführten Luftdruck und ihr Sollwert ist abhängig von der Geometrie 
der Pfeife. 
Mikropfeifen können als Fernbedienungen eingesetzt werden, wenn zwei oder 
mehrere von ihnen mit verschiedenen Nennfrequenzen gleichzeitig betätigt werden. 
Die Luft wird durch einfache manuell betätigte Drucktasten durch die Pfeifen geleitet. 
Dies erlaubt die Anwendung von Mikropfeifen als batterielose Fernbedienungen, da 
Mikropfeifen vollständig aus Kunststoff hergestellt werden können. 
Die untere Grenze des Bereichs der verfügbaren Frequenzen wird durch die obere 
Schwelle des menschlichen Hörbereichs festgelegt, der etwa bei 20 kHz liegt. Die 
obere Grenze ist hauptsächlich durch den Frequenzgang des verwendeten Mikrofons 
bestimmt. Eine Problematik bei der Anwendung als Fernsteuerung ergibt sich aus 
der Abhängigkeit der emittierten Frequenz vom angewendeten Luftdruck. Je em-
pfindlicher die Frequenz auf Luftdruckschwankungen reagiert, desto weniger unter-
schiedliche Nennfrequenzen in diesem Bereich können unterschieden werden. In 
Versuchen, die Abhängigkeit der Frequenzen vom Versorgungsdruck zu reduzieren, 
wurden die verschiedenen geometrischen Parameter der Pfeifen variiert. Außerdem 
wurden verschiedene Arten von Drucktasten entwickelt, um sicherzustellen dass der 
angewendete Luftdruck möglichst konstant und unabhängig von der Betätigungskraft 
bleibt. 
Ein Verfahren zur Produktion von Mikropfeifen ist das Ultraschall-Heißprägen und 
Schweißen. Diese Methode ermöglicht eine kostengünstige und schnelle Herstellung 
der Pfeifen, jedoch führt sie bei der Herstellung selbst mit dem gleich Satz von Werk-
zeugen zu Abweichungen in der Form der Mikropfeifen. Dieses Verfahren konnte 
durch die Entwicklung von Werkzeugen verbessert werden. 
Eine Fernsteuerung mit 11 verschiedenen Ultraschallsendern und einer Erkennungs-
wahrscheinlichkeit von 94% bei 10 der 11 Mikropfeifenpaare wurde erreicht. Die Pa-
lette der verwendeten Frequenzen lag zwischen 19 und 31 kHz, und der Bereich der 
Frequenzänderung lag für alle Pfeifen unter 2 kHz. Außerdem wird ein Schalter 
vorgestellt, der die Emission von verschieden kodierten akustischen Signalen mit 
einer einzigen Drucktaste ermöglicht. Es wurde untersucht, wie ein an einem 
Ultraschall-Emitter mit zwei Mikropfeifen befestigter Parabolspiegel den erzeugten 
Schall bündeln kann. Dies ermöglicht die Betätigung verschiedener Empfänger mit 
einem einzelnen Emitter. 
Es hat sich gezeigt, dass es möglich ist, Mikropfeifen durch Messen der Differenz der 
Ankunftszeit (Δt) des abgegebenen Schalls an verschiedene Empfänger zu lokali-
 V 
 
sieren. Die Lage einer einzigen Pfeife in der Ebene wurde mit 4 Mikrofonen innerhalb 
eines Bereiches von 2 × 2 Metern mit einer Genauigkeit von weniger als 20 mm 
gemessen. Außerdem zeigte sich, dass die Berechnung des Δt genauer für Emitter 
mit zwei Pfeifen ist. 
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1. Introduction 
 
Sound is a physical phenomenon that humankind has taken advantage of in 
many practical applications. The Encyclopedia Britannica defines the term “sound” as 
a “mechanical disturbance from a state of equilibrium that propagates through an 
elastic material medium”. A lighter definition expresses it as a “disturbance in a 
medium that may cause an auditory sensation in the ear” [1.1]. Acoustics and 
acoustic physics are the scientific disciplines studying sound. They cover a huge 
range of topics, like musical acoustics and how sound is generated in instruments, 
sonar and echolocalization, biological acoustics and how animals can sense sound 
or rare physical phenomena like thermoacoustics. 
One potential application of sound is the 
wireless transmission of information. 
Electromagnetic (EM) signal waves are 
nowadays almost exclusively used for 
this purpose. From long distance broad-
cast communication, like radio and tele-
vision, to local area networks and infrared 
remote controls. The characteristics of 
sound make it impracticable for long 
distance communication, since the sound 
pressure level (SPL) is inversely propor-
tional to the distances [1.2], i.e., if we 
double distance we reduce the SPL by a 
ratio of two. But it is possible to use 
sound for transmission on a short range, 
e.g., a domestic remote control.  
The use of EM waves as a transmission 
medium for a local remote control re-
quires electrical energy to generate the 
signal. This electrical energy can be 
provided by a battery, but it is possible to 
apply energy harvesting to avoid the use 
of batteries, by using a piezo ceramic 
transducer [1.3] that converts mechanical 
strain into electrical energy (with com-
mercial models widely available (Fig. 1.1) or passive RFID technology that collect 
ambient electromagnetic energy [1.4]. Nonetheless, it is possible to generate a sound 
signal for transmission purposes without the need of electrical energy and metallic 
components. This present work is a continuation of a previous PhD work [1.5] which  
 
 
Fig. 1.1: Picture, front and side views of a 
control unit with two rocker buttons with 
radio transmitter, powered by a built-in 
electro-dynamic generator. From Vimar.  
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presented the possibility of using micro 
whistles made of plastic to generate an 
ultrasonic tone with a roughly fixed 
frequency. By actuating two whistles with 
different nominal frequency simultan-
eously, a sound pulse with two main 
frequencies is generated (Fig. 1.2). To 
actuate the whistles is necessary to 
provide a pressurized air flow that can be 
generated by mechanical means (e.g., by 
pressing a button). This way, a receiver 
(microphone) can record this pulse and 
actuate in consequence when its fre-
quency spectrum is analyzed and fulfill 
some predetermined specifications. In 
the previous work an ultrasonic keyboard 
was presented as a theoretical practical 
application for micro whistles. In this 
work, micro whistles are studied more in-depth and their performance has been 
improved for remote controlling applications, presenting some practical models.  
Besides, it is possible to use ultrasounds to develop a Real Time Locating System 
(RTLS). GPS is the most wide-known technology within RTLS, but it fails for the time 
being to be successful for indoor localization. A two-dimensional Indoor Positioning 
Systems (IPS - defined as a technique that provides continuous real-time location of 
objects or people within a closed space) has been developed by recording the sound 
pulse emitted by a whistle with at least 3 microphones. The time difference of arrival 
of the signal to the different receivers is measured and the position is calculated by 
trilateration. By adding a fourth microphone, position is determined much more 
precisely, and with 5 microphones the three spatial coordinates of the source can be 
calculated. Results have shown a precision of less than one wave length of the 
sound pulse (on the order of 15 mm for the range of frequencies used). Altogether, 
the possibility of developing a battery-less remote control which position is calculable 
through a set of microphones is presented. 
In chapter two, there is presented the theoretical background of flue pipe instruments, 
since the design of micro whistles is based on them. Then, the influence of the 
variation of different dimensions on the performance of the whistles is studied 
(chapter two). Chapter three focuses on the method to fabricate micro whistles, and 
ways of mechanical actuation of micro whistles are proposed and compared (chapter 
4). Chapter five focuses on how micro whistles radiate sound, and how it can be 
recorded and analyzed to optimize performance. Some prototypes for domestic 
remote controls are presented in chapter 6, presenting a multi-function control, a 
switch with time-dependent functionality and a directional remote control that uses a 
 
Fig. 1.2:  Two whistles embossed on a 
PMMA plate, 3 mm in thickness. The 
whistles are actuated by a pushbutton 
made of a 250 μm thick PVC foil. 
WHISTLES 
PUSHBUTTON 
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parabolic mirror. Finally, chapter 7 is dedicated to micro whistle localization by using 
several microphones.  
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2. Basic Design of Micro Whistles 
 
2.1 Theoretical Context 
Micro whistles can be studied on the base of aerophone instruments. Musical 
instruments can be classified by type of sound generation in 4 categories [2.1]: 
1. Idiophone: The whole instrument vibrates to generate the sound. Examples 
are the tuning fork or the xylophone. 
2. Membranophone: The sound is generated by striking or rubbing a tensioned 
membrane. Within these categories we find all kinds of drums. 
3. Chordophones: The instruments within this family have prestressed strings 
tied down at both ends. When excited, the string vibrates emitting a tone. 
4. Aerophones: These instruments generate sound through air vibration. Typi-
cally there is an air column vibrating inside a hollow body, its length having a 
direct influence over the wavelength of the generated sound. Micro whistles 
fall within this category, and can be regarded as flue type instruments. 
Instruments of “flue” type emit sounds by blowing an air stream across a hole in 
some hollow body (pipe) [2.2]. The physical structure varies considerably from one 
instrument to another, but all are based on the effect of an air jet striking a sharp 
edge for their acoustical excitation 
The micro whistles developed at Kemikro [2.3] have a sounding mechanism based 
on flue pipes. Basically, (Fig. 2.1) an air jet emerges from the flue, travels a short 
distance across the mouth of the pipe and strikes a sharp edge called lip.  The mouth 
is the opening through which the sound is radiated. In the resonator (pipe) there is a 
vibrating air column fed periodically by the jet flow. At the pipe mouth, the acoustic 
flow associated with the vibration of the pipe air column induces a disturbance on the 
jet so that the transverse motion of the jet at the lip is generally comparable with the 
jet width when the pipe is sounding in steady state. The jet, blowing alternately into 
and outside the pipe at its lip maintains the pipe oscillation so that steady sound 
 
Fig. 2.1: Geometry of a typical organ flue pipe. 
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results [2.4]. So it can be said that the sound generation mechanism is composed of 
two staggered oscillations that meet at the mouth. One comes from the oscillating air 
jet striking the lip, the other one is the stationary pressure wave in the resonance 
cavity. 
The phase relations of both flows are complex, but if the jet velocity is such that there 
is half a wavelength of the transverse disturbance between the flue output and the 
lip, then the pipe will sound exactly at its resonance frequency. If the blowing pres-
sure is increased so that the jet travel time is shortened, the sounding frequency will 
rise slightly to introduce a compensating phase shift. On the contrary, if the blowing 
pressure is lowered, the sounding frequency will decrease slightly. This means that 
the generated frequency depends on the supplied air pressure, and will have impor-
tant consequences on the operation of micro whistles. The phase relations will be 
discussed more in depth later. 
2.1.1 Types of pipes 
The flue pipes can be open or closed. The main difference is the boundary condition 
at the end of the resonator. If the end is open, the air pressure at the exit will be a 
minimum, equal to ambient pressure. On the other hand, if the end is closed the 
pressure will be maximum. Besides, in a closed resonator only the uneven modes 
 
Fig. 2.2: Modes in an opened and closed pipe [2.5] 
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are possible (figure 2.2). The relation between wavelength and resonator length (L) is 
different in both cases 
                                               (2-1) 
                                             (2-2) 
Considering only the fundamental tone, and since the sound speed can be calculated 
as:  
       (2-3) 
Then the frequencies can be calculated with the following expressions: 
  
 
   
                         (2-4) 
  
 
   
                       (2-5) 
The first conclusion is that by using closed whistles, the necessary pipe length for a 
specified frequency is the half of the length for an open whistle. The frequency also 
depends on other dimensions, like the cross-section of the resonance cavity, or the 
mouth section [2.5]. The theoretical value calculated by the former equation is always 
higher than the experimentally measured values. It is possible to improve this relation 
by introducing an end correction for the mouth [2.2], so that: 
        (2-6) 
Ingerslev and Frobenius proposed the following expression for the end correction: 
21
2
m
)bl(
a3.2
  (2-7) 
Where b and l are the width and height of the mouth and the pipe is a cylindrical tube 
of radius a. Ising [2.6] introduced another expression for the mouth correction: 
M
m
S
S
73.0  (2-8) 
Where S is the cross-section of the flue and SM is the area of the mouth.  
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2.1.2 Mechanics of sound generation 
The problem of studying the dynamics occurring inside a flue pipe begins with under-
standing the problem of a fluid jet entering an infinite body of the same or a different 
fluid. Lord Rayleigh (1894) studied this problem more than a century ago.  A real jet 
emerging from a flue slit has a profile that evolves as shown in Fig. 2.3 [2.2]. 
 
The guided flow generates vortices at the boundary with the environmental air at rest, 
which break away from the flow in a regular and periodic way and alternatively above 
and below the flow direction (Fig. 2.4). Simultaneously, the jet and the vortices move 
away from the flue exit. This way, the jet begins to oscillate, appearing what it is 
known as a vortex-street. If the jet encounters an edge, this phenomenon produces a 
very faint sound. In a micro whistle the jet strikes the lip, is then divided in two flows 
above or below the lip, depending on the oscillation direction of the jet at every 
moment. The oscillation frequency depends on the flow velocity U0 and the distance 
w between the flue exit and the lip. The frequency can be calculated with the 
following expression [2.7]: 
w
U
Cf 0d  (2-9) 
Where Cd is a factor with a value between 0.29 and 0.344. 
 
 
Fig. 2.3: Evolution of the velocity profile 
of a plane jet emerging from a slit [2.2].  
Fig. 2.4: Vortex street of a laminar jet 
emerging from a slit [2.2].  
Basic Design of Micro Whistles 
8 
 
The problem can be further studied by 
analyzing what happens when the jet 
meets a standing wave field near an 
acoustic resonator. In a flue pipe, the air-
stream meets on its way to the labium 
with a moving air field (acoustic field) per-
pendicular to the movement direction of 
the stream or jet (Fig. 2.5). This acoustic 
field results from the pressure oscillation 
in the mouth caused by the stationary 
wave in the resonator. The oscillating 
pressure in the mouth absorbs or expels 
the air coming from the flue slit periodic-
ally. The flow then begins to resonate 
and oscillates over and below the labium. 
This way, the air pressure varies periodi-
cally in the resonator, amplifying the already existing vibration in it. 
An acoustic flow field normal to an unconstrained jet has the effect of moving the 
whole jet back and forth. Now it is convenient to suppose that the jet enters the flow 
field through a slit located at x = 0. If the acoustic flow velocity in the z-direction at 
frequency ω (which is supposed to be uniform over the whole plane of the jet) is de-
fined as [2.2]: 
                (2-10) 
Then the acoustic displacement is the integral of the above equation 
     
 
 
         (2-11) 
It is necessary to introduce a “negative displacement” –h1 at the point x = 0, because 
the jet is constrained to remain still. The total displacement of the jet at a point x can 
be calculated as follows: 
     (
 
 
) {                    [  (  
 
 
)]} (2-11) 
 
 
 
 
 
 
 
 
Fig. 2.5: Air movement at the mouth 
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Where u is the velocity with which the 
disturbance propagates and µ is a growth 
parameter. The form of the jet displace-
ment for the case where u and µ are 
constant is shown in figure 2.6. Soon 
after leaving the slit there is an exponen-
tially growing wave moving to the right 
with a velocity u that is about half the jet 
velocity. In a real jet, however, u and µ 
are functions of x. The behavior of these 
phenomena has been studied experi-
mentally, though there are still some un-
certainties.  
Nowadays, there are research projects taking advantage of modern technics like 
computational fluid dynamics (CFD) to simulate the flow of flue pipe instruments, 
specially intended for the study of sound generation in organs. Anyway, the under-
standing is not yet complete because the simulated behavior of the flow is still diffe-
rent from the one observed in actual pipes in various points [2.8].  
Considering a single mode of frequency ω in the resonator, this will induce a wave of 
the same frequency on the jet. The displacement associated with the wave is amplifi-
ed as it propagates along the jet, with the result that the jet tip flips in and out of the 
resonator at its sharp edge and injects a volume flow at the resonator frequency. This 
process can lead to a sustained oscillation if the phase relations are right. There are 
two ways in which the drive can be communicated from the jet to the pipe. Either the 
jet is brought to rest by mixing and thereby generates an acoustic pressure that acts 
on the flow inside the resonator, or else the jet essentially contributes a volume flow 
that acts on the acoustic pressure inside the resonator. Actually, both these driving 
mechanisms contribute. 
Besides, harmonic generation has it source on the fact that the jet velocity profile has 
a bell shape (Fig. 2.3). This way, even if the jet is deflected purely sinusoidally, its 
flow into the pipe will be a distorted sinusoid containing higher harmonic components 
whose frequencies approximate those of higher resonant modes of the pipe [2.4]. 
As said above, vortices are generated where the jet strikes the pipe lip. These vor-
tices exchange energy with the acoustic field as they move across it and thus either 
maintain or damp the oscillation. Approximately 90% of the initial jet energy is dissi-
pated in the mixing process. Of the small fraction of energy that is transferred to air-
column oscillations, by far the greater part is then dissipated by viscous and thermal 
losses, so that the overall efficiency with which pneumatic energy is converted to 
acoustic energy is only of the order of 1% [2.2][2.9]. 
 
 
 
 
Fig. 2.6: Form of the jet displacement 
caused by a pure sinuous disturbance, 
from equation 2-11 [2.2]. 
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2.1.3 The feedback loop 
The acoustic excitation due to the jet and the jet deflection due to the acoustic wave 
make a feedback loop: the feedback at the labium driven by the jet coming out of the 
slit, and the feedback at the resonator. Besides, the feedback loop produces a steady 
oscillation, when the overall gain is over 1 (and it surpasses various losses due to 
viscosity, thermal conduction and the acoustic radiation), and inside the loop there is 
a phase shift multiple of 2π [2.5]. 
Feedback at the labium (drive coupling) 
The jet brings air at both sides of the labium periodically, acting then as a source of 
the pressure fluctuations. Actually, in the labium, because of the division of the inci-
dent jet, an edge tone is generated, which is only audible during the transient period. 
After that, this tone stays as background sound, “camouflaged” under the main tone. 
Feedback at the resonator  
The main feedback is produced by the resonator, which is in our case a simple rect-
angular cavity with strong resonances for defined frequencies. The frequency adapts 
itself such that the phase shift in the whole feedback loop is a multiple of 2π. That 
means that, when the jet speed is increased, the phase shift along the jet increases 
and so does the frequency of the steady wave in the resonator to compensate that 
shift. In case of the jet speed is so big that the resonator cannot compensate the 
phase shift, the whistle jumps to a higher resonant mode (Fig. 2.8) [2.5]. Accordingly, 
the excitation of the different modes depends on the jet speed and therefore of the 
feed pressure. 
Transient 
The jet becomes turbulent and unstable when it comes out the slit and mixes with 
environmental air. When it meets the lip, it begins to oscillate because of its turbulent 
nature. This is the beginning of the feedback cycle, and the system strengthens itself 
until it reaches a steady and stable state, after approximately 40 cycles [2.9]. 
 
Fig. 2.7: System diagram of a flue pipe instrument.  
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2.1.4 Discussion 
It has been seen that the way the jet strikes against the lip has a fundamental 
influence in how sound is generated. The geometry of the pipe (resonance cavity) 
sets the nominal frequency at which the air column inside it will vibrate, which in turn 
will transmit this vibration to the air jet coming out the flue, closing the feedback loop. 
The vibrational frequency will adjust itself if the speed of the jet varies, following the 
restrictions explained in section 2.1.3. Knowing this, some dimensional parameters of 
the micro whistle have been subjected to a test to check how its variation affects to 
the generated sound. The dimensions downstream the flue have a direct influence on 
it; on the other hand, the inlet duct and the flue determine the properties of the jet, 
supposing that the pressure at the flue output (mouth) is constant.  
  
 
Fig. 2.8: Sound emission from organ pipes for the different modes as a function of the 
blowing pressure [2.10].  
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2.2 Variation of Dimensional Parameters of Micro Whistles 
 
In the former section it was explained that 
the micro whistles have a shape based 
on that of flue-type instruments. The gen-
eral scheme of a standard micro whistle 
produced at KEmikro is presented in 
Fig. 2.9. The air is pushed inside the 
whistle through the inlet hole and crosses 
the flue. Then it emerges as a jet, striking 
the lip and beginning the acoustical exci-
tation of the pipe. The sound comes out 
of the mouth expanding spherically through the environment. The standard 
dimensions used so far to fabricate the whistles are shown in Fig. 2.10. The length of 
the inlet duct (5 mm) and the flue have no influence in the sound generation 
mechanism, but they do have an influence in how the air jet is emerging from the 
flue. 
 
 
 
 
 
 
 
Fig. 2.9: Scheme of a micro whistle.  
 
Fig. 2.10: Standard dimensions of a micro whistle. 
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In order to check the dependence of the 
emitted frequency on the air flow injected, 
as well as the dependence of the fre-
quency on different geometrical parame-
ters, micro whistles were fabricated by a 
milling machine. This way, it was ensured 
that the dimensions of the micro whistles 
were the desired ones. As will be shown 
later, the technique used to mass-fabri-
cate the micro whistles (ultrasonic hot 
embossing and welding), leads to an 
appreciable variability in the final dimen-
sions of each whistle. The whistles con-
sist of two parts: a base milled out of a 
polymer (PMMA) plate and a lid consist-
ing of a PVC foil, 150 µm in thickness, 
with the inlet hole and the mouth punch-
ed out of it (Fig. 2.11). The lid is welded 
over the base plate by ultrasonic welding. 
This process is explained in detail in the 
“fabrication” section.  
Several whistles were fabricated with the 
same dimensions but one, studying the 
influence that the variation of this only 
dimension (in total 4 were tested, Fig. 
2.12) produces in the frequency. The 
dimension that has a stronger influence 
on the emitted frequency is the length of 
the pipe (LRR). This dimension sets the 
nominal frequency of the whistle. For 
emitting an encoded acoustic signal, at 
least a pair of whistles with different LRR were actuated simultaneously. Every pair 
with a different combination of pipe lengths formed a unique encoded signal. The 
other dimensions varied also the frequency of the sound. For actuating them in these 
experiments, the whistles were fed with a continuous flow of air by using a pneumatic 
station with flow and relative pressure sensors. Then, a tube with a silicone o-ring 
attached to its end was used to drive the air to the inlet hole. The sealing was 
ensured with a clamp that pressed together the tube and the whistle lid (Fig. 2.13). 
 
Fig. 2.11: Base of PMMA plate (3 mm 
thick) and lid of PVC foil (150 µm thick) 
used to fabricate the micro whistles. The 
energy director is a strand milled out on 
the surface of the plate that will melt 
during the welding of the lid over the 
plate.  
 
Fig. 2.12: Geometrical parameters put 
under test. 
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2.2.1 Variation of the flue length (LRR) 
Six micro whistles with different pipe lengths were subjected to the described test. 
The rest of the dimensions are those represented in Fig. 2.10, except the flue height 
which was set to be 250 µm. The graph in Fig. 2.14 shows the measured frequencies 
as a function of the air pressure, and clearly shows that the frequency is a function of 
supply pressure. Each curve starts at the minimum pressure required for the whistle 
to emit a tone of a single frequency, and ends at a pressure value with which the 
whistle does not emit anymore a tone with a single-frequency spectrum.  
 
Fig. 2.13: Setup used to test the whistles with a continuous flow of air.  
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The evolution of the amplitude of the frequency peaks is represented in Fig. 2.15. It is 
clear that the whistles with a lower nominal frequency emit a louder tone. The micro-
phone has an influence on this, because of its frequency response.  This response is 
optimum for a sonic range up to 20 kHz. But for higher frequencies, the sound 
recorded by the microphone is damped, the more the higher the frequency is. 
Anyway there may be other reasons affecting the amplitude of the tone, like the 
different flow resistance due to fabrication variability (see chapter 3).  
 
Figure 2.14: Frequency of micro whistles as a function of air pressure. Every point of 
each curve represents the mean of 30 frequency values, obtained from the Fast 
Fourier Transform of the sound emitted by the micro whistle.  
 
Figure 2.15: Peak amplitude as a function of air pressure. The error bars are not re-
presented for clarity. They stay in a range of 10 - 30% of the indicated values. 
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Besides, the expressions provided in the 
former section to calculate the frequency 
nominal values do not approach accu-
rately the actual frequency. The equation 
provided always higher values than all 
the measured values and the corrected 
equation lower values. This is displayed 
in Fig. 2.16, where the measured 
frequencies of the micro whistle with LRR 
= 3 mm as a function of the pressure 
supplied to it is compared with the fre-
quencies calculated with both equations.  
A remarkable thing that can be seen in 
the figure 2.14 is the sudden change of 
frequency that occurs in the curves of the 
whistles with LRR = 2 mm and LRR = 
2.5 mm. This cannot be considered as a change to an overtone because the second 
mode for closed whistles is three times the fundamental frequency. The test was 
repeated for these whistles finding that the frequency change occurred at the same 
pressure. In the transition zone, both frequency peaks appear in the FFT simul-
taneously (fig. 2.17), so the pipe is resonating at two frequencies. The reasons for 
this phenomenon are unknown and it does not appear for every whistle even when 
they are constructed with the same geometrical dimensions. The air flow through the 
whistle as a function of pressure proved to be equal for all the whistles (Fig. 2.18).  
 
 
Figure 2.16: Frequency evolution with air 
pressure for the micro whistle with LRR = 
3 mm, and the values obtained with 
equations.  
 
 
Figure 2.17: FFT of the micro whistle with 
LRR = 2.5 mm actuated with an air pres-
sure difference of 21 kPa.  
Figure 2.18: Air flow through the whistle 
as a function of the air pressure for all 6 
tested whistles with identical geometry 
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On the other hand, the pressure range of interest is up to 40 kPa. This is because the 
whistles are actuated with bellows manually pressed and the supplied air pressure 
never surpasses this value (see section 3.2). In the Fig. 2.19, the frequency curves 
for 4 micro whistles are represented for this range. It is remarkable that they fit very 
well to logarithmic curves. In this figure, fitted curves are shown together with the 
measured frequencies. 
Besides, the longer the pipe length, the greater is the value of the slope multiplying 
the logarithm of p (air pressure). It has been shown [2.3] that the ratio of the fre-
quencies of two different whistles remains approximately constant at different air 
pressures (Fig. 2.20). This can be exploited to recognize the sound coming from a 
pair of whistles reliably even when the pressure supply is changing. 
  
 
Figure 2.19: Frequencies of micro whistles as a function of air pressure in a range up 
to 30 kPa. The curves fit very well to a logarithmic trend line.   
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2.2.2 Variation of the flue height (Hflue) 
Another parameter of interest is the flue height. It determines the height of the jet 
coming out of the slit and striking the lip. Six different heights were tested for micro 
whistles with LRR = 3 mm. The results are shown in Fig. 2.21 and 2.22. In Fig. 2.21, it 
is clear that the relation between the flow and the pressure varies with the flue height. 
The higher the latter, the lower the resistance that the flue presents to the air flow 
going through it. Figure 2.22 shows the dependence of the frequency on the air flow. 
The frequency is much more sensitive to the flow variation for some flue heights than 
for others. For Hflue = 350 µm, another sudden change in the frequency of the tone 
was detected for a fixed value of the air flow. Besides, for Hflue = 400 µm, the whistle 
was no longer operating properly and the error in the frequency of the tone was 
about 10 times the error of the frequency for the other curves. 
 
Figure 2.20: Frequency ratios of different pairs of whistles as a function of the air 
flow. The curves show that the ratio remains approximately constant. The biggest 
variation corresponds to the curve for the ratio between LRR = 4 mm and LRR = 2.25 
mm (0.073). 
 
Basic Design of Micro Whistles 
19 
 
Representing the frequency curves as a function of the air pressure for the range of 
interest (figure 2.23), one can see that the sensitivity of the frequency (defined as the 
slope of the linear trend line) is lowest for Hflue = 250 µm. For the intended applica-
tion, it is desirable that the frequency varies as low as possible with the pressure fed. 
For this reason, Hflue = 250 µm is the preferred flue height. 
 
Figure 2.21: Air flow through the whistle as a function of the air pressure for different 
flue heights. LRR = 3 mm for all the curves.  
 
Figure 2.22: Frequency of micro whistles as a function of air flow and different flue 
heights. The error for the curve Hflue = 400 µm is not represented for clarity. 
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2.2.3 Distance between flue and lip (Lmouth) 
The distance between the flue and the lip 
is the extension of the mouth. For this 
test, the distance from the first edge of 
the outlet hole and the rim of the eleva-
tion that forms the flue was fixed to be 
0.75 mm (Fig. 2.24 and 2.10). This is how 
micro whistles have been constructed so 
far [2.3], so the output of the flue is 
actually 0.75 mm before the edge of this 
elevation. The distances appearing in the 
figures are referred to the distance be-
tween the rim of the elevation to the 
further edge of the outlet hole (Fig. 2.24 
and 2.10). Fig. 2.25 shows the results of 
5 different mouth extensions. In this test, 
LRR was fixed again to 3 mm. The first 
conclusion to stand out is that the 
nominal frequency of the micro whistles changes with the mouth extension. Indeed, 
the larger the mouth, the shorter the pipe length. For example, the effective pipe 
length for the micro whistle with Lmouth = 1.25 mm is LRR = 1.75 mm. In Fig. 2.25 there 
are represented the slopes of the linear trend lines of the frequency curves. The 
lowest value was found for Lmouth = 0.5 mm. The amplitude of the emitted tone is 
 
Figure 2.23: Frequency as a function of air pressure for different flue heights Hflue for 
a range up to approximately 35 kPa. At the upper left corner there are listed the 
slopes for the linear trend lines. 
 
Fig. 2.24: Detail of the mouth. 
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represented in Fig. 2.26 for the micro whistles which showed a lower slope on their 
trend lines. It is remarkable that the micro whistle with Lmouth = 0.75 mm, despite 
having a higher nominal frequency (and its tone being more damped because of the 
frequency response of the microphone) emitted a louder tone than the other two. 
On the other hand, whistles with different mouths were fabricated to see if the gap 
0.75 mm in length between the edge nearer to the inlet hole and the rim of the flue 
 
Figure 2.25: Frequency of micro whistles as a function of air pressure and different 
distances between flue and lip Lmouth, for a range up to approximately 35 kPa. On the 
upper left corner there are listed the slopes of the linear trend lines. 
 
 
Fig. 2.26: Tone amplitude of micro whistles measured at a distance of 1 m as a func-
tion of air pressure and the distance between flue and lip. 
Basic Design of Micro Whistles 
22 
 
has an influence (Fig. 2.27). Results indicate that without this gap, the frequency 
emitted is higher as well as its variation with the air flow (figures 2.28 and 2.29).  
 
2.2.4 Thickness of the labium (Tlabium) 
For this test, the lids of the micro whistles were fabricated using a PMMA plate, 1 mm 
in thickness. To get different labium thicknesses, the surface behind the mouth was 
milled down to different depths. Results of the frequency and tone amplitude test are 
shown in Fig. 2.30. In this case, LRR was always 4 mm. There is not a remarkable 
difference of the frequency as a function of pressure. But there is a huge difference in 
the amplitude of the emitted tone. For a very thick labium, the micro whistle emits a 
  
Fig. 2.27: Mouth of a micro whistle with a gap 0.75 mm in length between the edge 
of the outlet hole which is opposite the labium and the rim of the flue (left), and 
without this gap (right). 
  
Fig 2.28:  Frequency of micro whistles as 
a function of air flow Φ for micro whistles 
with 0,75 mm gap at the mouth (squares) 
and without gap (diamonds). The pipe 
length is LRR = 3 mm. 
Fig 2.29:  Frequency of micro whistles as 
a function of air flow Φ for micro whistles 
with 0,75 mm gap at the mouth (squares) 
and without gap (diamonds). The pipe 
length is LRR = 3.5 mm. 
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very faint tone, which suggest that there is a pressure drop at the mouth, were the 
coupling between both air fields is produced. For a mass production, polymer foils up 
to 250 µm will be used, assuring then that the whistles emit a tone loud enough to 
operate properly. 
 
 
 
 
Figure 2.30: Frequency and tone amplitude as a function of air pressure and 
thickness of the labium Tlabium. LRR = 4 mm for all the curves. 
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2.2.5 Holes in the pipe 
It was considered the possibility of modifying the boundary conditions on the pipe or 
resonance cavity by adding holes on it. It has been seen that the column of air in the 
flue pipe vibrates much more easily at certain frequencies which correspond to the 
resonance frequency of the pipe. In the pipe of micro whistles, which is of closed 
type, the maximum variation in pressure for the first resonance (or fundamental 
mode) occurs at the end. The pressure node lies at the beginning of the pipe (figure 
2.2).  
Adding a hole at some point of the pipe means that a pressure node (a point where 
the acoustic pressure is zero or the air pressure in the pipe is approximately 
atmospheric) is introduced. 
 
 
In figure 2.31, schemes of a flute (which has an open end on the pipe) are represent-
ed for different combinations of covered and exposed holes. In the exposed holes the 
pressure wave has a node and the resonant wave adapts to the boundary conditions 
resulting in different modes of vibration. 
To check the possibility of producing different tones in a single micro whistle, a set of 
5 whistles with a pipe length of LRR = 3.5 mm was constructed. Holes were drilled into 
the lid, in five different diameters (0.5, 0.6, 0.7, 0.8 and 0.9 mm). Since in closed 
pipes only the odd harmonics are present, the node for the third harmonic is at 1/3 
LRR of the end of the pipe (figure 2.2). So the holes were drilled at a distance of 
approximately between 1 and 1.25 mm of the closed end of the pipe. After testing 
 
Figure 2.31: Air pressure waves inside a flute. Black circles represent covered holes, 
and white circles represent exposed holes [2.11]. 
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them with a constant pressure feed, none of them emitted a tone when the hole was 
exposed (but they did when the hole was covered in the normal fundamental mode).  
2.2.6 Conclusion on dimensional parameters variation 
After the tests, the only dimension that was modified with respect to the standard di-
mensions used formerly is the height of the flue, which was set to 250 µm instead of 
200 µm. The rest of dimensions stayed the same, after proving that their variation did 
not yield a reduction of the variation of the frequency with the pressure feed. Other 
parameters that can be tested are the width of the whistle, which may influence its 
flow resistance, and the shape of the pipe.  
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3. Fabrication of Micro Whistles 
Micro whistles are manufactured using polymer foils or plates as raw material. The 
techniques used to fabricate them are known as ultrasonic hot embossing and ultra-
sonic welding [3.1]. Ultrasonic hot embossing allows generating different structures 
on polymer surfaces by applying an ultrasonic mechanical vibration generating heat 
plasticizing the polymer. The inverse of the structures to emboss are milled as pro-
truding structures into aluminum plates, serving as a tool. Then, the tool is placed 
onto an anvil and covered by the polymer to be embossed (cf. Fig. 3.1a). The poly-
mer is pressed onto the tool by the sonotrode of an ultrasonic welding machine, and 
the ultrasonic vibrations generated by it causes friction between the protruding struc-
tures of the tool and the polymer (Fig. 3.1b). The friction heat melts locally the poly-
mer which adapts to the shape of the structures on the tool. After stopping the 
ultrasound the pressing force is retained until the polymer is cooled down and 
solidified again. After this, the sonotrode is drawn back and the sample is removed 
from the tool. 
Plastic layers are also joined to each other by ultrasonic welding. Ultrasonic welding 
is facilitated by so called energy directors, which had been previously embossed. 
When the two parts to be welded are pressed against each other, the energy director 
forms the only contact surface. During ultrasonic welding, the energy directors are 
molten providing a kind of glue between the parts (Fig. 3.1d-f). 
 
 
3.1 Fabrication of an encoded ultrasonic emitter with two micro 
whistles 
The process of fabricating a micro whistle consists generally of three steps: 
1. Embossing of the channels that will form the inlet duct, the flue and the pipe 
onto a polymer plate or stacked polymer foils. This will be the “base” of the 
micro whistle. Since the inlet duct and the pipe height is set to be 700 µm, it 
 
 
Figure 3.1: Ultrasonic hot embossing of the whistle structure (a-c) and 
welding of a lid (d-f). 
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needs to be ensured that the thickness of the material forming the base is at 
least 1 mm in thickness (figure 3.2). 
2. Punching of the inlet hole and the mouth into a polymer foil that will form the 
“lid”. 
  
  
Figure 3.2: Aluminum tool to emboss the channels (inlet duct, flue and 
pipe) for two adjacent whistles (left) and embossed product (base of the 
whistles) on two stacked PET foils, 500 µm in thickness (right).  
  
Figure 3.3: Aluminum tool for punching the holes (inlet holes and mouth) 
of two adjacent whistles (left) and punched product (lid of the whistles) on 
a PVC foil, 100 µm in thickness (right).  
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3. Welding of the lid over the base (Fig. 3.4). The energy directors provide a kind 
of weld seam.  
 
The process of fabrication is essentially the same as the one proposed by Gerhardy 
[3.2] but some improvements have been introduced regarding the tools used. All the 
tools include a pair of alignment pins (Fig. 3.2 and 3.3) that ensure that the emboss-
ed structures and punched holes are placed at the desired positions. This way, when 
the lid and the base are welded, the holes of the lid are placed automatically at the 
right position (the middle line of the mouth at the end of the flue, and the inlet hole at 
the beginning of the inlet duct, Fig. 3.6). The holes must be punched into the foils first 
of all. This was also done in the ultrasonic welding machine with a tool containing 
edges punching the holes at the right relative positions (Fig. 3.5). The PEEK foil is 
used to avoid that the edges of the punching tool scratch the surface of the 
sonotrode when the edges cut across the polymer foil. For welding the base and the 
lid together, the piece embedding the embossing tool was used upside down (Fig. 
3.5). For this purpose, a foil of polyether ether ketone (PEEK) was placed in between 
the aluminium and the lid, and the base was placed above all. It was empirically 
observed that by using this PEEK foil less emitters were rejected due to a deficient 
welding between lid and base. 
  
 
 
Figure 3.4: Base and lid welded 
together 
Figure 3.5: Punching of the 
alignment holes in a polymer foil. 
The red arrow indicates where 
the sonotrode applies pressure. 
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The tools for embossing the channels and punching the holes into the lid were em-
bedded into larger tools including the alignment pins (Fig. 3.7). This way, a lot of 
material (aluminum) was saved and the replacement of the tool was easier. The 
tolerance of the hole embedding the embossing structure is 50 µm. The energy direc-
tor on the embossing tools is a groove surrounding the protruding structures. This 
way, the energy is more locally concentrated in the desired welding zone than using 
pyramidal energy directors [3.2]. The dimensions are designed following the recom-
mendations of the brochure “Joint design for ultrasonic welding” of the house Sonitek 
[3.3]. The dimensions of the embossing tools can be found in the annex.  
 
  
Figure 3.6: Function of the holes (left) to allow the lid to be automatically placed 
at the right position regarding the base when they are placed onto the 
embossing tool upside down (right) to be welded together. 
  
Figure 3.7: Aluminum plates with pins that have holes to embed the 
punching and embossing tools. The fit tolerance is 50 µm. 
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An ultrasonic emitter was manufactured completely by ultrasonic hot embossing and 
welding by welding a polymer pushbutton onto the lid. The tool for this purpose 
(Fig. 3.8) has a crenelated pattern that provides a sort of zipper joint between bellow 
and whistle. 
 
 
  
 
 
  
Figure 3.8: Tool to weld a polymer bellow over a lid and base of a micro whistle 
system (upper left). Two micro whistles embossed over a PMMA plate with a 
PVC pushbutton welded onto the lid (upper right). 3D picture of the crenelated 
pattern (lower left). Microscope image  of the weld seam between the PMMA 
plate and the PVC pushbutton (lower right) 
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3.2 Materials 
Micro Whistles can be fabricated from polymers. 
Gerhardy [3.2] used polyvinyl chloride (PVC) for 
manufacturing both base and lid. PVC [3.4] is a 
thermoplastic polymer with an amorphous struc-
ture and a viscoelastic behaviour that together 
with its low glass transition temperature (around 
80°C) makes it possible embossing at such 
comparatively low temperatures. However, it has 
the disadvantage of releasing hydrochloric acid 
(HCl) because a degradation reaction called 
dehydrohalogenation [3.5] that occurs above 
70°C, for PVC without heat stabilization agents. 
This temperature and the thermal behaviour vary 
in commercial PVC because of the present addi-
tives, but it was observed that the foils sometimes 
turned into a dark colour after the embossing 
process (Fig. 3.9) when using the normal machine parameters. The colour formation 
may be due to the dehydrochlorination process. In general, stabilized PVC resins 
begin to lose HCl slowly when heated to about 200°C and the temperatures reached 
during ultrasonic hot embossing can be much higher [3.6]. On the other hand PVC is 
a material of estimable properties to fabricate bellows (see chapter 4). 
Because of this, other polymers were considered to fabricate micro whistles with the 
same technique. Amongst the tested materials for embossing the base in the form of 
foils are: 
 Polyamide (PA) (Nowoflon PA 9212 from Nowofol®), 100 µm in thickness. 
 High-density polyethylene (HDPE) (HDPE from Nowofol), 100 µm in thickness. 
 Polyethylene terephthalate (PET), 300 and 500 µm in thicknesses, and with 
different additives (PET-G and PET-GAG, which are PET modified by 
copolymerization with glycol and mainly intended for packaging, from 
Folienwerk Wolfen. Also others like Hostaphan® and Flexiso® from Müller 
Ahlhorn intended for insulation, 200 µm in thickness). 
 High-molecular polypropylene (PPHM) and Polypropylene (PP) (Nowopaque 
from Nowofol), 150 µm in thickness).  
In the form of a rigid plate the following materials were tried: 
 Poly(methyl methacrylate) (PMMA), 2, 3, 4, and 12 mm in thicknesses.  
 Polycarbonate (PC), 4 mm in thickness. (From FaKu).  
The best embossing results were obtained for PET-G. It has a low transition tempera-
ture (71° C) and a melting temperature of about 255° C which makes it a good mate-
 
Figure 3.9: PVC showing a dark 
coloration after ultrasonic hot 
embossing.   
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rial for ultrasonic hot embossing. It is also a very common thermoplastic. Besides, it 
does not release hydrochloric acid as PVC does when melted.  
PMMA plates showed also a good ability to be embossed, but it requires a higher 
invest of energy. It can be used for applications were a solid base is needed. For the 
lid it is desirable that the foil has a low thickness, below 250 µm, (see 2.2.4). PVC, 
100 µm in thickness, and Styrene-acrylonitrile resin (SAN), 100 µm in thickness, were 
used for this purpose. Both are welding well to PET, and PVC was used exclusively 
for welding with PMMA plates. The table 3.1 sums up the materials used to fabricate 
the ultrasonic emitters at the moment: 
Material for 
the base 
Thickness 
Number of 
foils 
Material for the lid 
PET-G 500 µm 2 - 3 
PVC (100 µm) 
SAN (100 µm) 
PMMA 
(plate) 
3 – 4 mm 1 PVC (100 µm) 
Table 3.1: Materials used to fabricate micro whistles 
Machine parameters for fabricating the micro whistles in different materials can be 
found in the annex. 
3.3 Test of a Set of Micro Whistles fabricated by Ultrasonic Hot 
Embossing 
 
Three sets of 7 micro whistles were fabricated following the former procedure, with 
pipe lengths of 2, 2.25, 2.5, 2.75, 3, 3.25, and 3.5 mm. The materials used were 2 
foils of PET, 500 µm in thickness, for the base and one foil of SAN, 100 µm in 
thickness, for the lid. Three units for each pipe length were fabricated and tested 
providing a continuous flow of air, as done with the PMMA whistles fabricated with a 
milling machine. The whistles were actuated up to a flow rate of 5 l/min. The 
measured mean frequencies and standard deviations are shown in the figures below 
as a function of the pressure difference over the whistles. For the pipe lengths 2, 
2.25, 2.5, 3 and 3.5 mm the curves of the machined PMMA whistles (See 2.2.1) are 
included in the figures. 
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Fig. 3.10: Frequencies as a function of pressure difference of 3 whistles fabricated 
from PET with ultrasonic hot embossing, and a whistle fabricated from PMMA with a 
milling machine (dashed line). Pipe length = 2 mm.  
 
Fig. 3.11:  Frequencies as a function of pressure difference of 3 whistles fabricated 
from PET by ultrasonic hot embossing, and a whistle fabricated from PMMA with a 
milling machine (dashed line). Pipe length = 2.25 mm.  
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Fig. 3.12:  Frequencies as a function of pressure difference of 3 whistles fabricated 
from PET by ultrasonic hot embossing, and a whistle fabricated from PMMA with a 
milling machine (dashed line). Pipe length = 2.5 mm.  
 
 
Fig. 3.13:  Frequencies as a function of pressure difference of 3 whistles fabricated 
from PET by ultrasonic hot embossing. Pipe length = 2.75 mm.  
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Fig. 3.14:  Frequencies as a function of pressure difference of 3 whistles fabricated 
from PET by ultrasonic hot embossing, and a whistle fabricated from PMMA with a 
milling machine (dashed line). Pipe length = 3 mm.  
 
 
Fig. 3.15:  Frequencies as a function of pressure difference of 3 whistles fabricated 
from PET by ultrasonic hot embossing. Pipe length = 3.25 mm.  
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There is an appreciable variation in the frequency curves for whistles fabricated with 
the same embossing tool. Besides, there is not a good agreement with the curves of 
the machined whistles for short pipe lengths (LRR). It was previously shown (see 
2.2.1) that the frequency is more sensible to pressure variation for shorter pipe 
lengths.  
Moreover, and in general, the whistles fabricated from PET could be actuated up to 
higher air pressure than the whistles from PMMA. Normally, the latters stopped 
emitting a tone for air pressures higher than 60 kPa. The whistle with LRR = 2 mm 
was discarded because it required a higher air flow (and hence a higher air pressure) 
to emit a very faint tone, as can be seen in the curves of figure 3.17. In fact, when 
actuated with a polymer bellow, no tone was detected. This inability of detecting the 
tone coming from this micro whistle with LRR = 2 mm is due to the frequency 
response of the microphone [see section 5.3.1]. On the other hand, the phenomenon 
of changing to a higher overtone was observed only once in one of the whistles with 
LRR = 2 mm (Fig. 3.10). 
 
 
 
 
Fig. 3.16:  Frequencies as a function of pressure difference of 3 whistles fabricated 
from PET by ultrasonic hot embossing, and a whistle fabricated from PMMA with a 
milling machine (dashed line). Pipe length = 3.5 mm. 
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3.3.1 Variability of the fabrication process 
The variability of the fabrication process can be appreciated also in the curves of air 
pressure versus flow rate (Fig. 3.18). These curves showed to be very similar for all 
the whistles fabricated with PMMA in a milling machine (see Fig. 2.17), but this 
characteristic is lost for whistles produced by ultrasonic hot embossing, even for 
those  fabricated with the same pipe length (i.e. the same embossing tool).  
In an experiment using whistles fabricated from PVC and different pipe length, the air 
flow was measured as a function of the air pressure (Fig. 3.19), as done with the 
 
Fig. 3.17:  Amplitude as a function of the air flow of the PET whistles fabricated in LRR 
= 2 mm (dashed lines) and LRR = 2.25 mm (solid lines). The rest of whistles emitted a 
tone similarly or louder as the ones with LRR = 2.25 mm.  
 
 
 
Fig. 3.18: Air pressure through micro whistles as a function of air flow for 3 whistles 
with a pipe length of 2.5 mm (left) and 3 mm (right).   
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machined PMMA whistles (see chapter 2). This time, it was observed that the resis-
tance that the whistle presents to the air flow was higher for a longer LRR. The reason 
of this is unknown, especially because the whistles fabricated in a milling machine 
from PMMA plates did not show this behaviour. 
Because of this, another test was done for whistles with LRR of 4.28 mm and 2.86 
mm, but varying the width in order to vary the flow resistance. Results are shown in 
Fig. 3.20. It is observed how well the flows of two of these whistles are matched; so 
they must have a very similar flow resistance. Theoretically, when these whistles are 
actuated together with a bellow, there is not a higher amount of air going through one 
whistle than through the other. This way, it may be possible to avoid that only the 
tone of the whistle with the lower flow resistance can be detected. 
 
Fig. 3.19: Air flow as a function of feed pressure for whistles with different resonance 
room length. 
 
Fig. 3.20: Air flow as a function of feed pressure for whistles with different resonance 
room length and different width. 
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Thus, an ultrasonic emitter with two whistles, one with an LRR of 4.28 mm and a width 
of 1.7 mm, and another one with an LRR of 2.68 mm and a width of 1.4 mm was pro-
duced. This way, the flow resistance should be the same for both of them. Then they 
were actuated with a continuous flow of air and the FFT peak amplitude of both tones 
was measured for different air pressures (Fig. 3.21). Both graphs were obtained from 
different emitters produced with the same tool. The graphs show that there is no 
repeatable pattern in the tone amplitude recorded. 
Besides, it has been shown that the relation between air pressure through the whistle 
and the air flow is not the same even for whistles fabricated with the same tool (figure 
3.18). Figure 3.22 shows the FFT peak amplitude as a function of the air pressure for 
two of the sets of 3 whistles (3 whistles with LRR = 3.5 mm and 3 whistles with LRR = 
2.5 mm) produced from PET by ultrasonic hot embossing. These correspond to the 
whistles whose frequency curves are shown in figures 3.12 and 3.16. The graphs 
showed neither a recognizable pattern, nor a preferential air pressure value for which 
all the amplitudes were maximal. As a conclusion, and given the variability of the fre-
quency and amplitude of the tone emitted, as well as the variability of the relation 
between air pressure through the whistle and air flow (even for whistles produced 
with the same tool), it is impractical adapting the whistle width to achieve the same 
tonal amplitude for two whistles driven with the same bellow. Besides, the main 
reason of this amplitude differences is that the used microphones have a different 
response to different frequencies (cf. chapter 5.3). 
  
Fig 3.21: Amplitude versus air pressure for 2 whistles produced with the same tool 
(4.28 x 1.7 – 2.86 x 1.4 mm). 
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This variability of the fabrication process can be explained by the microscope pictures 
of figures 3.23 and 3.24. There are some obvious deformations that make the 
channels and the rims not perfectly straight. The frequency is a function of the 
geometric shape of the pipe, and it changes slightly amongst whistles fabricated with 
the same tool. A further investigation should be done to improve the process of 
fabrication, finding out for example if a longer cooling time after the embossing pro-
cess reduce this variability, or ensure to exert a pressure with the sonotrode that is 
perfectly normal to the plane of the tool. Besides, the process required still much 
handwork (like removing the embossed foils from the tool), and this can be also the 
cause of many of these small geometric deformations. 
 
 
Fig. 3.22: FFT peak amplitude of whistles fabricated from PET by ultrasonic hot 
embossing with a pipe length of 2.5 mm (3 units fabricated with the same tool, 
above), and 3.5 mm (below).   
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Fig. 3.23: Microscope picture of the pipes of two micro whistles embossed on PET 
foils. It is visible that the rims are not perfectly straight. 
  
  
Fig 3.24: The pictures above and left-below represent the cross-section of the pipes 
of three different whistles fabricated with the same embossing tool. The section is not 
perfectly rectangular and some deformations can be recognized. The picture right-
below is a frontal view of a labium, punched out of a PVC foil. It is not straight. 
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3.3.2 Actuation with polymer bellows 
Six PET micro whistles with different pipe lengths were actuated with pushbuttons 
made of PVC, in order to see what is the range of air pressure provided by them. 
This way, one can see how the frequency variation produced by this kind of bellows 
is. The ideal thing would be that the air pressure provided is as high as possible, so 
that the whistle is being actuated in the flatter part of the frequency curve. The 
bellows were pressed manually 50 times at a distance of 0.5 meters to the micro-
phone, trying to produce a pressure as random as possible. The measured frequency 
with its standard deviation is extrapolated to the curve to see what the corresponding 
air pressure values are (Fig. 3.25). For example, for a whistle with a LRR = 2.5 mm, 
the mean of the measured frequency was 30.17 ± 0.372 kHz. Extrapolating in the 
curve one obtains an air pressure provided by the bellow of 21.6 kPa for the mean, 
19.2 kPa for the mean minus the standard deviation and 24.5 kPa for the mean plus 
standard deviation. 
On the other hand, the minimum and maximum frequencies registered for this case 
were 28.79 and 30.75 kHz (14.2 and 26.75 kPa of corresponding air pressure), 
values far from the mean plus or minus the calculated standard deviation. In a normal 
operation of the whistle this can lead to problems in the detection of the tone’s 
frequency when the bellow is pressed manually too soft or too hard. Therefore, it is 
desirable that the air pressure provided by the bellows remains in a short range, even 
when they are going to be pressed manually. This will be explained more in-depth in 
the next chapter. The mean, standard deviation, maximum and minimum frequency 
registered for all the whistles tested are represented in Fig. 3.26, as well as the 
corresponding air pressure values extrapolated from their particular frequency 
curves. Results suggest that the air pressure difference provided by polymer push-
buttons actuated manually vary significantly, and depend strongly on the force of 
actuation. This means that the frequency will vary inside a certain range, which is 
obviously problematic if these variation ranges overlap each other. The standard 
deviations of the frequencies detected in this latter test range from 200 to 540 Hz, but 
the difference between the maximum and the minimum value registered can be up to 
2.4 kHz, for the whistle with LRR = 2.25 mm. It is important then to investigate how to 
reduce this variation, taking into account that the pushbuttons are intended to be 
pressed manually, and avoiding the use of an over-complicated mechanism of actua-
tion that provides always the same pushing force.  
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Fig. 3.25: Extrapolation of the air pressure generated by a polymer bellow pressed 
manually, from the frequency emitted by the whistle. 
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Abb. 3.26:  Mean, standard deviation, maximum and minimum frequency registered 
for 6 whistles actuated manually with polymer bellows (above). Corresponding air 
pressure values (for the mean [crosses], mean plus and minus standard deviation 
[dashes], and maximum and minimum [triangles]) extrapolated from their particular 
frequency curves (below). 
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3.3.3 Reliability of fabrication 
Three sets of 10 ultrasonic emitters were fabricated by the method described in 
section 3.1, welding in the last step a pushbutton made from PET foils, 300 µm in 
thickness. Afterwards, it was checked how many of the emitters worked properly, i.e., 
they delivered a frequency spectrum with two clearly recognizable peaks. Table 3.2 
shows this result, and the pipe lengths of each of the embossing tools used to 
produce the sets. 
 
Pipe lengths [mm] 
Emitters 
working right 
Only 1 whistle 
working 
None whistle 
working 
    4 – 3.25 7 2 1 
       3.75 – 2.5 6 1 3 
           3 – 2.5 6 2 2 
Table 3.2: Sets of emitters fabricated with different embossing tools 
The working emitters of the set produced with the tool with pipe lengths of 3 and 2.5 
mm was tested to check the frequency content of the emitted sounds. Each of the 6 
emitters was actuated manually at a fixed distance to the receiver, a minimum 
number of 50 times, trying to exert the same force in every pulsation. Results for the 
frequencies, peak amplitudes in the FFT and signal length are shown in table 3.3. 
Table 3.3: Frequencies, peak amplitude, and approximate signal length of 6 emitters 
fabricated with an embossing tool with pipe lengths LRR = 3 and 2.5 mm. 
The success rate on fabricating a full working emitter was a 60-70 percent. Non-
working whistles were mainly due to a deficient welding. Whistles that after a visual 
inspection seemed to be well fabricated in some cases did not emit any sound 
Emitter Freq. 1 [kHz] Freq. 2 [kHz] Amp. 1 [V] Amp. 2 [V] 
Approximate 
signal length 
[ms] 
1  23.6 ± 0.14 28.15 ± 0.41  0.59 ± 0.1    0.3 ± 0.04 4 
2    23.3 ± 0.17 29.12 ± 0.27  0.33 ± 0.06  0.27 ± 0.05 3 
3  24.59 ± 0.3 30.02 ± 0.27  0.26 ± 0.07  0.56 ± 0.12 6 
4  23.74 ± 0.09 29.24 ± 0.08  0.78 ± 0.07  0.66 ± 0.07 4 
5  24.43 ± 0.16 30.85 ± 0.81  0.85 ± 0.13  0.48 ± 0.1 5 
6  20.79 ± 0.1 25.26 ± 0.57  0.09 ± 0.04  0.05 ± 0.01 2.5 
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because a slight failure in the lid welding allowed air to leak through it. Other times, 
the pushbutton was not providing an air pressure high enough to actuate both 
whistles. By pressing the buttons thoroughly, a FFT with two frequency peaks could 
be observed, but this makes the emitter impractical. Results of table 3.3 show an 
appreciable variability of the frequency content of the sound of emitters produced 
with the same set of tools. Apart from the fabrication variability mentioned above (see 
figure 3.23), the pushbuttons are subjected themselves to a fabrication variability, 
and a set of them do not provide a fixed air pressure when pressed. Especially 
remarkable is the case of the emitter 6, whose nominal frequencies differ completely 
from the rest. A visual inspection does not reveal what may be the cause of this. 
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4. Actuation of Micro Whistles with Bellows 
Bellows are the buttons or devices that blow air through the whistle when actuated. 
The ideal bellow is a mechanical device manually activated, which when pressed with 
a certain force, collapses, changing suddenly its shape, and pushing a volume of air 
formerly contained inside the bellow. When applied on whistles, the bellow pushes 
the air to the inlet duct and the flue. When the applied force ceases, the bellow 
returns to its original position, sucking air into the opposite direction (but no sound is 
emitted) (figure 4.1). It must be ensured that the air flow rate generated by the 
bellows remains in a short range, so that the frequency emitted does not vary too 
much (See 2.2.1). Because of this, the bellow should collapse not before a certain 
force limit has been overcome and then blow out all the air at nearly the same 
pressure drop over the whistle.  
 Two types of bellows were considered: Bellows made out of silicone by moulding 
and bellows made out of polymer foils. 
Silicone bellows 
These bellows were made out of silicone 
by moulding. The form of the silicone 
bellows is based on those inside of a 
computer keyboard serving as a spring 
element pushing the key back in its rest 
position when released. They consist of a 
piece of silicone with a cylindrical shape 
which collapses due to its staged tower 
structure (cf. Fig. 4.2). They are produced 
by casting silicon rubber into moulds from 
PMMA. The bellows are coupled to the 
whistles by cyanoacrylate glue. The gen-
  
Fig 4.1: When the bellow is pressed, air is pushed through the whistle and it emits a 
sound. When the pressure ceases, the bellow returns to its normal position, sucking 
the air into the opposite direction. 
 
Fig. 4.2: General scheme of a silicone 
pushbutton. 
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eral scheme of the chosen design for these bellows is shown in Fig. 4.2. Variations of 
this type of bellow were produced by modifying the angle β, the thickness w, the 
inner Di and external De diameter, the type of the silicone used and by the addition of 
a channel which drives the air towards the inlet hole (Fig. 4.3). 
  
  
 
 
Fig 4.3: Upper left: bellows with different angle β. Upper right: bellows with and 
without channel. Lower left: Cuts through bellows with different thicknesses w. 
Lower right: PMMA mold used to fabricate silicone bellows. 
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Polymer bellows 
These bellows are made of polymer foils 
(cf. Fig. 4.4), with a semi-spherical shape 
and a strong collapse effect. Such 
bellows were fabricated by placing 
polymer foils on a special hermetic box 
and subjecting it to heat and pressure 
(figure 4.5). As a consequence, the foils 
are plastically deformed and obtain the 
semi-spherical shape. They are coupled 
to the whistle by double-sided tape, or by 
welding it onto the whistles with the 
proper tool. Different variations were tried 
by varying the diameter, material of the 
foil, and the fabrication parameters.  
 
4.1 Collapse and Repeatability in Operation 
One way to limit the frequency variation is to ensure that the bellow collapses when it 
is pressed with a certain level of force. It means that under this force the bellow 
suddenly changes its shape without an additional input of force and pushes the air 
inside it through the whistle. The stronger this effect, the more steady the pressure 
with which the bellow pushes the air formerly contained inside it.  
 
Fig. 4.4: Bellows made out of different 
polymer foils. 
 
 
Fig 4.5: Hermetic box used to manufacture polymer bellows. 
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 The force to push the bellows was measured as a function of the displacement by 
mounting a load cell onto the stage of a milling machine. The bellows were pushed 
with small displacement steps (0.1 mm) and the force was measured for each step. 
The starting point of the measurement was defined by the surface of the pushbutton 
being slightly touched with the load cell. For example, figure 4.6 shows the collapse 
curves for bellows made out of PVC foils, fabricated in different thicknesses and with 
different parameters. The collapse effect is seen as the drop of force produced when 
the necessary force to make the bellow collapse is overpassed (drop of force), or as 
the span that the load cell must advance after the bellow contracts itself to exert the 
same force over the pushbutton surface (collapse distance). 
 
4.2 Silicone Bellows 
4.2.1 Variation of the angle β 
Several bellows with different angle β were subjected to a collapse test as described 
above. The rest of dimensions were set to the following values: De = 10 mm, Di = 
6 mm, Hi = 3.5 mm, Hs = 2.5 mm, and w = 1 mm. The silicon used was silicone 
rubber of the house Glorex®. Two types were tried, one with higher elasticity than the 
other. These types are called stiff (model RTV/NV) and elastic (model RTV/HE), 
respectively. The results are shown in Fig. 4.7 for five different values of the angles β 
(26.6°, 36.9°, 45° and 56.3° and 71.6°). 
 
Fig. 4.6: Collapse curves (force versus distance) for 3 pushbuttons fabricated from 
PVC foils. All of them were subjected to a fabrication temperature of 65°. One of 
them (150 µm thick – fabrication pressure of 300 kPa) did not eventually collapse.  
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Table 4.1 resumes the collapse distance and the drop of force obtained for the 
bellows with angles β = 36.9º, 45º and 56.3º. 
 
 
 
Fig. 4.7: Collapse curves (force versus distance) for pushbuttons fabricated from 
silicon rubber (above stiff silicone, below elastic silicone), with different angle β 
(figure 4.2). The rest of dimensions are: De = 10 mm, Di = 6 mm, Hi = 3.5 mm, Hs = 
2.5 mm, and w = 1 mm. 
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 Angle β Collapse distance [mm] Drop of force [N] 
Stiff silicone 
36.9º 3.1 0.4 
45º 5 1.6 
56.3º 6.85 3.4 
Elastic silicone 
36.9º 1.3 0.1 
45º 4.5 0.4 
56.3º 5.8 0.6 
Table 4.1: Collapse distance and drop of force for silicone bellows with different angle β 
and fabricated from two different silicones.  
The biggest collapse effect is for both cases produced in the bellow with an angle 
β=56.3°. The bellow with β=71.6° was impracticable for the stiff silicone, and despite 
showing a higher collapse than the one with β=56.3° for the elastic silicone, showed 
to be also impracticable when pressed with the finger (collapsing many times 
sideward). So an angle β=56.3° was chosen to be the right one to fabricate the 
silicone bellows. Besides, the bellows made of elastic silicone needed much less 
pressing force to collapse. This is an advantage when implementing these push-
buttons into a manually actuated remote control. But on the other hand, the collapse 
effect (understood both as drop of force and collapse distance) is stronger for the 
bellows fabricated with the stiff silicone. It will be necessary to compare both push-
buttons by studying their performance onto a whistle to see how the frequency 
variation is after several pulsations. 
4.2.2 Inclusion of a channel 
A bellow was fabricated including a small channel (figure 4.3), intended to direct the 
air towards the inlet hole. The purpose of this is to see if the air flow entering the 
whistle is more steady during the actuation process and hence the frequency varies 
less. The sound signal emitted proved to be very similar (in amplitude and length) 
when the same whistle was actuated with a bellow with and without channel. So it will 
be necessary again to compare their performance onto the same whistle to study 
how the frequency varies in both cases.  
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4.2.3 Size and thickness 
Silicone bellows were fabricated with a 
bigger size, with De = 15 mm and Di = 
11 mm. The rest of dimensions stayed 
the same (Hi = 3.5 mm, Hs = 2.5 mm, and 
β = 56.3°). The volume of air contained 
inside it is larger (approximately 266 mm3 
for the smaller bellow, 816 mm3), and it 
emits a sound signal when pressed onto 
a whistle, with a higher amplitude than 
the one emitted by the smaller bellows, 
which suggest that the air pressure pro-
duced is also higher (Fig. 4.8). Bellows of 
this bigger size were also fabricated in 
different thicknesses (w = 1, 1.5, 2 mm) 
for both types of silicon, and were sub-
jected to the collapse test. Results are 
shown in Fig. 4.9. 
  
 
Fig. 4.8: Sound waves emitted by a 
whistle actuated with a silicone bellow 
with De = 10 mm, Di = 6 (above), and De 
= 15 mm, Di = 11 (below). The rest of 
dimensions are the same for both 
bellows. 
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Fig. 4.9: Collapse curves (force versus distance) for pushbuttons fabricated from 
silicone rubber (above stiff silicone, below elastic silicone), with different thicknesses 
w (cf. Fig. 4.2). The rest of dimensions are: De = 15 mm, Di = 11 mm, Hi = 3.5 mm, Hs 
= 2.5 mm, and β = 56.3°. 
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The following table resumes the collapse distance and the drop of force obtained for 
all these bellows: 
 Thickness Collapse distance [mm] Drop of force [N] 
Stiff silicone 
1 mm 8.1 2.3 
1.5 mm 7.1 4.5 
2 mm 5.9 10.1 
Elastic silicone 
1 mm 11.5 0.5 
1.5 mm 6.85 1.5 
2 mm 5.1 2.9 
Table 4.2: Collapse distance and drop of force for silicone bellows with different thickness w 
and fabricated in from two different silicones. 
Results show an opposite evolution for the collapse distance and the drop of force, 
so as in the case of the different types of silicone, the performance of these bellows 
was compared by studying how different the frequency is of the sound generated by 
them on the same whistle.  
 
4.2.4 Analysis of the frequency emitted by different pushbuttons 
Selected bellows (Table 4.3) were subjected to a test where they were placed onto 
the same whistle and actuated manually with the finger a minimum number of 60 
times. The force exerted was tried to be as random as possible, trying not to push too 
weak so that the bellows do not collapse. The nine selected bellows were first 
actuated on a whistle with LRR = 3 mm, and the frequency and the amplitude of the 
frequency peak were analyzed from the emitted tone (Fig. 4.10 and 4.11). 
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Identification 
letter 
Bellow 
Identification 
letter 
Bellow 
A 
De = 10 mm, w = 1 mm 
Elastic silicone 
F 
De = 15 mm, w = 1.5 mm 
Elastic silicone 
B 
De = 10 mm, w = 1 mm 
Elastic silicone 
With channel 
G 
De = 15 mm, w = 2 mm 
Elastic silicone 
C 
De = 10 mm, w = 1 mm 
stiff silicone 
H 
De = 15 mm, w = 1 mm 
Stiff silicone 
D 
De = 10 mm, w = 1 mm 
Stiff silicone 
With channel 
I 
De = 15 mm, w = 1.5 mm 
Stiff silicone 
E 
De = 15 mm, w = 1 mm 
Elastic silicone 
Table 4.3: Different tested silicone bellows (pushbuttons). 
 
 
Fig. 4.10: Mean (diamonds) with standard deviation, maximum (squares) and 
minimum (triangles) of the frequencies detected for a whistle (LRR = 3 mm) actuated 
with different silicone bellows (A…I, see table). 
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Results suggest that the bellows of stiff silicone produce a higher pressure when 
actuated, since the mean value is clearly higher for them compared with the bellows 
made of elastic silicone. The same can be said of the amplitude of the signal, 
observing the values of the amplitude of the FFT peak. There is in principle no 
appreciable difference between using bellows with or without channel. The thickness 
affect also how the sound is emitted, so the higher the thickness, the louder the tone 
emitted, but nothing can be asserted about whether it affects the frequency. Bellow D 
yielded the lowest variation in frequency, but also a very faint tone compared with the 
bellows of a bigger size.  
Then, the test was repeated again but using a whistle with LRR = 2.5 mm (figures 4.12 
and 4.13).  This time, the microphone could not detect any sound coming from 3 of 
the bellows with De = 10 mm (the microphone was placed at a distance of 2 meters 
from the whistles). Regarding the frequency variation, the amplitude of the FFT fre-
quency peak, and the necessary force to make the bellow collapse, the pushbutton H 
(De = 15 mm, w = 1 mm, made of stiff silicone) is the preferred option to actuate the 
whistles. 
 
Fig. 4.11: Mean (diamonds) with standard deviation, maximum (squares) and 
minimum (triangles) of the amplitude of the frequency peak detected for a whistle 
(LRR = 3 mm) actuated with different silicone bellows (A…I, see table). 
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4.3 Polymer Bellows 
4.3.1 Variation of diameter 
Pushbuttons made out of PVC were fabricated at three different diameters: 15 mm 
(which did not show a collapse effect and hence were not suitable), 20 and 30 mm 
(Fig. 4.14). A bellow of 20 mm occupies less space, but the volume of air propelled is 
also much less. For applications of simple remote controls like switches, a bellow of 
 
Fig. 4.12: Mean (diamonds) with standard deviation, maximum (squares) and mini-
mum (triangles) of the frequencies detected for a whistle (LRR = 2.5 mm) actuated 
with different silicone bellows (C…I, see table 4.3). 
 
Fig. 4.13: Mean (diamonds) with standard deviation, maximum (squares) and mini-
mum (triangles) of the amplitude of the frequency peak detected for a whistle (LRR = 
2.5 mm) actuated with different silicone bellows (C…I, see table 4.3). 
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30 mm is much more adequate. Figure 4.15 shows the sound wave emitted by the 
same pair of whistles actuated by these two bellows. The sound emitted by the 
smaller bellow is too faint. 
4.3.2 Materials 
Several materials were used; amongst them the ones that produced bellows suitable 
as pushbuttons (good collapse effect) are listed in the table 4.4 together with their 
fabrication parameters, i.e., the temperature and pressure applied when the foil is 
mounted into the hermetic box and the time these conditions were applied. The 
temperature is in the range of the glass transition temperature for the polymers used.  
Material 
Thickness 
[µm] 
Fabrication parameters 
Temperature 
[°C] 
Pressure 
[kPa] 
Time [min] 
PET-G 300 65 300 7.5 
PET Flexiso® 200 120 300 15 
PET 
Hostaphan® 
200 120 300 15 
PEEK 250 120 300 17 
PVC 250 55 300 15 
Table 4.4: Materials and parameters used to fabricate polymer pushbuttons. 
Amongst these PVC and PET were chosen as fabrication materials because their 
lower need of temperature, and in the case of PET its lower fabrication time. Besides, 
PET-G is the same material used for fabricating the base. Also, both PVC and PET-G 
 
 
Fig. 4.14: Pushbuttons made out of PVC 
foils, with diameters of 20 and 30 mm, 
respectively. 
Fig. 4.15: Sound waves emitted by a 
whistle actuated with pushbuttons fabri-
cated from PVC foil, in different diame-
ters. 
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have shown to be weldable both over SAN and PVC foils, using the tool shown in 
Fig. 3.8.  
4.3.3 Fabrication repeatability 
Ten pushbuttons were fabricated out of PET foils, 300 µm in thickness, using the 
parameters of the table above. Then, all of them were subjected to a collapse test, 
and the resulting curves are represented in the figure 4.16. The following values are 
calculated as the mean of the values extracted of every curve: 
 Collapse distance 1.23 ± 0.33 mm 
 Drop of force 0.55 ± 0.26 N 
 Collapse force 7.38 ± 0.25 N 
So there is a huge variability on how bellows fabricated with the same parameters 
collapse (collapse distance and drop of force). On the other hand, the collapse force 
(the force with which the bellow is pressed to make it collapse) remains much more 
constant. These 10 bellows were actuated manually onto the same whistle with LRR = 
3 mm. Each bellow was pressed a minimum of 60 times. Results are represented in 
Fig. 4.17.  
 
  
 
Fig. 4.16: Collapse curves (force versus distance) for 10 pushbuttons fabricated from 
PET foils, 300 µm in thickness.  
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There is an appreciable variability on the frequencies. Part of this variability is due to 
the fact that the bellows were pressed manually and not with a constant force and 
exactly always in the same position. On the other hand, the fabrication process does 
not produce pushbuttons that behave all exactly the same (Fig. 4.16). This variability 
in the operation can be partly avoided using a structure to press the bellows which is 
 
 
Fig. 4.17: Mean (diamonds) with standard deviation, maximum (squares) and mini-
mum (triangles) of the frequencies (above) and FFT peak amplitude (below) detected 
for a whistle (LRR = 3 mm) actuated with ten different PET bellows, and the silicone 
bellow H ( De = 15 mm, w = 1 mm, stiff silicone). 
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equipped with the pushbutton of a light switch (Fig. 4.18). This way, it may be 
assured that the bellow is always pressed in the same position with the same 
pressing surface (but not with the same pressing force). For the fabrication process, 
instead of using a lid with a circular hole for manufacturing the bellows (Fig. 4.5), a 
closed lid with the shape of a spherical cap can be used. This way, all the fabricated 
bellows are forced to adapt to the shape of the lid.  
4.3.4 Long-time testing 
The pushbuttons break after a certain 
number of actuations. To find out their 
lifetime, a long term test was performed. 
A switch was actuated using a pneumatic 
piston controlled by an electronic valve 
and a function generator (Fig. 4.19). The 
function generator provided a periodic 
square signal controlling the valve open-
ing. The signal was adjusted such, that 
the opening time was 200 ms, similar as 
the time required pressing the switch 
manually. The air pressure feed was also 
adjusted pressing the piston onto the 
switch with a similar force as a human 
finger (approx. 5 N). The switch structure 
was the same for all the measurements. Four types of PVC pushbuttons manufactur-
ed with different parameters have been tested. The results are shown in the table 
below. “Number of pulsations” represent the amount of pulsations after which the 
pushbuttons failed (they broke or they remained in the collapsed position). 
  
 
 
Fig 4.18: Structure equipped with the pushbutton of a light for pressing polymer 
bellows.  
 
Fig. 4.19: Setup of the durability test 
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Identification 
letter 
Temperature 
[°C] 
Pressure 
[kPa] 
Time 
[min] 
Number of 
pulsations 
A 55 300 15 
5400 
4400 
B 55 300 20 
3600 
3300 
C 55 250 15 
2000 
2000 
D 55 250 20 
1800 
1500 
Table 4.5: Number of pulsations after which different pushbuttons fabricated from PVC fail-
ed. 
It is clear that the fabrication parameters determine the lifetime of usage of these 
pushbuttons. The model “A” yielded the longer lifetime and hence its fabrication 
parameters were chosen as the right ones for PVC. Failures of the pushbuttons were 
always caused by staying in collapse position. It was observed on the other hand that 
after a period of time the bellows recovered their rest position and could be pressed 
again a number of times. Since these devices are intended to be used mainly as 
domestic switches, the pulsation rate in an actual use is expected to be much less 
that the ones used in this test. In consequence, the real lifetime should be larger. On 
the other hand, all tests have been performed at normal room temperature around 
20°C. At elevated temperatures which also may occur in domestic applications the 
lifetime of the pushbuttons may become smaller. 
In another long-time test with a PET pushbutton at a pulsation rate of 0.5 Hz, two 
different pushbuttons bore 18500 and 25000 pulsations before failure. On the other 
hand, in subsequent tests the number of pulsations resulted much lower, on the 
same range of PVC pushbuttons. More research on this should be invested. Given 
this fact, and since it is the same material used to fabricate the base of the micro 
whistles, PET buttons were used instead of the ones made out of PVC. 
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4.4 Selected Pushbuttons 
 
After the tests done, two pushbuttons were selected to actuate the ultrasonic 
emitters: 
 Silicone bellow “H” (see table 4.1). 
 Polymer bellow made out of PET. 
Looking at Fig. 4.17, nothing can be said categorically about which pushbutton yields 
a lower frequency variation. Besides, it seems that the silicone bellow produced a 
louder tone, but not with a great difference. The usage of one or the other depends 
on the application; for reasons of space saving, in remote controls with several 
commands, the silicone bellow is a better option. For simple switches, a polymer 
bellow is better since the switch can be fully built with ultrasonic hot embossing. 
Regarding the silicone pushbutton, other tested bellows yielded a lower frequency 
variation in the manual pulsation test (bellows “D” and “I), but taking into account also 
the amplitude of the emitted tone and the required force to press the bellow, the 
model Hl is most advantageous. Anyway, the test is not fully reliable since the 
actuation force was not constant. Besides, other similar designs and materials apart 
from the used silicones may be tested, seeking for a sharper collapse effect. Besides, 
a broader study is recommended to improve the operation of the polymer 
pushbuttons. 
Other actuation mechanisms, (like buckling springs or any other mechanism that 
exerts a pushing after a certain force is overpassed)  may yield a lower frequency 
variation, but at expense of losing simplicity.  
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5. Sound Signal Analysis  
 
The sound signal emitted by the micro whistles was recorded and analyzed in the 
frequency domain. In this chapter it is described how the signal is emitted by the 
micro whistles, and how is it recorded, processed and analyzed. 
5.1 Frequency spectrum of a digitalized signal 
The acoustic signal emitted by the whistles was recorded by microphones and con-
verted into an analog electric signal. Then, by an A/D converter the signal was 
quantified into discrete digital values. The sampling rate determines the precision 
with which the analog signal is digitalized, although there will always be a deviation 
from the actual signal. In general, it is considered that there is no loss of information if 
the frequency of the signal is less than half of the sample rate (known as Nyquist 
frequency, [5.1])  
                 
 
 
   (5-1) 
For determining the frequency content of a discrete-time signal, the complex frequen-
cy spectrum is calculated through the discrete Fourier transform (DFT). The Fourier 
transformation of a time-dependent signal x(t) is defined as follows [5.2]: 
      ∫            
 
  
   (5-2) 
Where X(jω) is known as the spectral density of a non-periodic, time-dependent 
signal x(t): 
                   |     |  
       (5-3) 
The phase and amplitude of a frequency ω is calculated from this function. The 
positive-valued function │X(jω)│is called “magnitude spectral density” and ϕ(ω) the 
“phase spectral density”, which are defined by: 
|     |   √               (5-4) 
        
     
     
 (5-5) 
The function │X(jω)│describes how the function x(t) is distributed over the frequency 
components. The DFT used in the processing of a digital signal over N data points, X 
[n], is defined as the sum of the sequence of complex numbers [5.1]: 
     ∑        
   
 
    
      with                (5-6) 
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Every X[k] establish a spectral line and represents a complex number that encodes 
the amplitude and the phase of a sinusoidal component of the function X[n], being 
the sinusoid’s frequency k/N cycles per sample. The number of data points N has an 
essential influence in the result of the DFT. The spectral lines represented by its 
values have a resolution in accordance with the Nyquist condition of N/2. For every 
spectral line X[k], the real frequency for a sample rate fs is given by: 
  (
 
 
)     (5-7) 
And the amplitude and phase of every spectral line is calculated as follows: 
   |  |  √                 (5-8) 
                                (5-9) 
 
Where atan is the arctangent function with two arguments. The DFT will be computed 
through an algorithm called fast Fourier transform (FFT), which reduces considerably 
the computing time [5.3]. The data points of a DFT do not represent the amplitude of 
single frequencies, but the amplitude of a range of frequencies, known as “bin”. For a 
single tone, the actual frequency will fall within the bin with the highest amplitude. 
The frequencies that do not correspond exactly with spectral lines distribute their 
energy through the frequency spectrum, but mainly to the adjacent spectral lines. 
This is known as leakage effect [5.4]. In the recognition of signals emitted by a micro 
whistle, the resonant frequency is calculated as the peak value of the bins (Fig. 5.1) 
 
Fig. 5.1: Representation of three spectral lines (Xk) with their amplitudes, and the 
interpolated curve (calculated with quadratic interpolation). The actual frequency is 
calculated as the peak of the interpolated curve. 
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For a tone with more than one fundamental frequency, like the acoustic signal 
emitted by a pair of whistles actuated simultaneously, the frequency components can 
be distinguished only if the distance between the local maxima in the DFT is large 
enough. So to avoid an overlapping, it is necessary that the distance between bins of 
maximum amplitude is at least of three data points. If the tone is expected to have 
fundamental frequencies with values f1 and f2, given a sample rate of fs, the minimum 
number of data points of the DFT to avoid overlapping must be: 
      
  
|     |
 (5-10) 
The bin’s width can be reduced by the use of window functions. A window function 
allows the weighted selection of signal data points over a defined area by multiplying 
the signal data by the values of the window function [5.5]. The simplest window 
function is the rectangular (Fig. 5.2), which simply multiplies the digital signal by 1 in 
the segment to be isolated. In the analysis of acoustic signals in this work, a 
Blackman-Harris window was used when calculating the FFT, since this variant 
produces the lowest frequency widths of the available window functions [5.6]. 
 
 
Fig 5.2. Window functions and effect in frequency spectrum [5.5].  
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5.2 Characterization of the signal of a micro whistle.  
5.2.1 Signal length 
The signal emitted by micro whistles depends primarily in how it is actuated. For the 
bellows selected in chapter 4 (see section 4.4), the typical signal length for two 
whistles actuated simultaneously stays in the range of 4 - 10 ms (Fig. 5.3), while 
those emitted through the pulsation of a large silicone bellow usually is longer. The 
duration of the signal not only depends on the inner volume of the bellow but also on 
the flow resistance of the micro whistles (which varies severely as seen in section 
3.3.1, figure 3.18) and on the actuation force.  
5.2.2 Frequency range 
The maximum detected frequency emitted by a micro whistle is on the range of 35 
kHz, with a LRR = 2.25 mm (see section 2.2.1, figure 2.14). Micro whistles with shorter 
pipe lengths are impractical because of the difficulty to record their sound with the 
used microphones (the micro whistles of LRR = 2 mm emitted a very faint tone, see 
  
  
Fig 5.3: Sound signals emitted by different emitters with two whistles actuated with a 
silicone bellow “H” (left) or with a PET bellow (right). All the emitters were fabricated 
with the same embossing tool (LRR = 3.5 and 2.5 mm). The length of the signal is 
different on every whistle but also depends on the actuation force. The latter parts of 
the signals show some reflections that arrive slightly later at the microphone. 
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section 2.2.1 figure 2.15). To use shorter pipe lengths, a different receiver with a 
frequency response intended for ultra sounds should be used [see 5.3.1]. Then, the 
upper limit of the frequency range can be raised; it should be investigated down to 
which pipe length the whistles are able to emit a tone. The minimum would be 
theoretically above the human hearing threshold (the hearing range in humans is 
usually given as 20 to 20000 Hz [5.7], though there is considerable variation between 
individuals, and a gradual decline with age in the upper limit). In practice, PET 
whistles fabricated in the longest LRR of 3.5 mm began to emit a detectable tone at 
19.3 kHz, frequency still audible for certain persons (see section 3.3, figure 3.16). 
This was set as the longest pipe length. The sample rate used for the signal 
acquisition was fs = 150000 samples/s, more than enough to meet the Nyquist 
condition. 
5.2.3 Sound wave analysis 
When a whistle is actuated manually with a bellow, the air pressure difference 
through it is not constant, but variable during the operation time. It grows from zero to 
a maximum and decays to zero again; so when the amplitude of the acoustic pulse is 
maximum it means that the pressure difference on the whistle was maximum. 
The latter statement was confirmed by 
analyzing the results of the following 
experiment. Two whistles with different 
pipe length were actuated manually with 
a PET bellow. From the total recorded 
sound (20 ms, Fig. 5.3), only the part 
corresponding to the sound arriving at the 
microphone fist (approximately the first 
five milliseconds) is considered, because 
reflections from the walls, floor or ceiling 
of a room shall be excluded. This first 
part was divided in 10 segments of 0.5 
ms and the FFT was calculated for every 
segment (Fig. 5.4). The frequencies of 
the emitted tones were taken then as the 
peak values of the frequency spectrum. 
This was repeated 50 times, keeping the same distance from the micro whistles to 
the microphone and attempting to push the pushbutton with the same force every 
time, so the amplitude and length of the acoustic pulse do not vary excessively. 
Results are shown in figures 5.5 and 5.6. The graphs show the calculated mean fre-
quency for every segment (from 0 - 0.5 ms to 4.5 - 5 ms) together with the standard 
deviation of the 50 measurements. The maximum value for the frequency corres-
ponds with the maximum of the acoustic signal (approximately at 2.5 ms from the 
signal beginning), which in turn corresponds to a maximum pressure difference in the 
 
Fig. 5.3: Recorded sound wave when the 
ultrasonic emitter is actuated. 
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whistles. Besides, the standard deviation is minimum for the center part of the signal. 
Figure 5.7 shows the evolution of the standard deviation for the different segments. 
 
Fig 5.4: Division in segments of the tone emitted by two micro whistles.  
 
Fig 5.5: Mean and standard deviation of the frequency peak detected in the FFTs of 
the different segments (0.5 ms long) in which the sound signal emitted by a micro 
whistle with LRR = 4 mm is divided. 
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Fig 5.6. Mean and standard deviation of the frequency peak detected in the FFTs of 
the different segments (0.5 ms long) in which the sound signal emitted by a micro 
whistle with LRR = 3 ms is divided. 
 
Fig 5.7: Standard deviation of the detected frequencies on the different segments in 
which the sound pulse emitted by an ultrasonic emitter of 2 micro whistles is divided. 
The points of the curves indicate the center value of every segment. 
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This fact was confirmed in similar experiments. 
So the acoustic signal of the whistles was ana-
lyzed by taking a segment of it centered in its 
maximum. The extension of this segment is still 
to be figured out. The shorter this segment is, 
the lower is the frequency variation. But it is 
important as well that the peaks in the FFT are 
as narrow as possible, in order to be able to 
distinguish adjacent frequencies. It was pre-
viously shown [5.8] that the half-width (figure 
5.8) of the peak in the spectrum of a tone 
depends on the length of the analyzed sound. 
The half-width decreases approximately by a 
factor of 6 when the length of the analyzed signal is increased by 10 times. The 
extension of the segments was set to 3 ms because of the large variation in length of 
the acoustic signals when the whistles are actuated manually with bellows at the 
expense of having a wider peak (Fig. 5.9). 
  
 
Fig. 5.8: Half-width of a bin in a 
FFT 
 
Fig 5.9: Half width of the main bin of the FFT of PET whistles actuated with a PET 
pushbutton, as a function of the length of the signal segment analyzed (1.5, 3, 4.5 
and 6 ms). The whistles were actuated manually a minimum number of 40 times 
procuring that the actuation force was constant. The difference in half-width between 
taking a segment of 3 and 6 ms is of approximately 250 Hz. 
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5.2.4 Acoustic signal spreading 
One important aspect is to know how the acoustic signal spreads in space after being 
generated in the mouth of the whistle. If the mouth is considered as a punctual 
source, it can be assumed that the sound wave spreads spherically in a homogenous 
way [5.7]. The following test was done to proof this statement. The amplitude of the 
sound wave emitted by a micro whistle with LRR = 3.5 mm was recorded at different 
positions with a microphone, always at an absolute distance of 0.3 meters. The 
microphone’s diaphragm faced always the mouth of the whistle. The whistle was 
actuated with a constant pressure difference of 30 kPa. The results are shown in Fig. 
5.10. 
Results show that the sound does not spread homogeneously. The recorded ampli-
tude was higher when the microphone faced the mouth of the whistle in a plane 
normal to it, being equally high when the microphone was inclined 45° with respect to 
the normal line of the mouth. When the microphone was placed in the same plane as 
the mouth, the recorded amplitude was much lower. This is an important fact to take 
into account when micro whistles are used as a remote control, since the intuitive 
way of operation is holding the ultrasonic emitter (see section 4.3.3, figure 4.18) such 
 
Fig 5.10: Amplitudes of the sound emitted by a micro whistle with LRR = 3.5 mm 
registered with a microphone at different points, always at an absolute distance of 30 
cm. The values are in volt. The whistle was actuated with a constant pressure of 30 
kPa. The red arrow indicates the direction normal to the whistle’s mouth. The ampli-
tude was measured as the maximum amplitude of segments of 3 ms of the contin-
uous sound emitted by the whistle, for a minimum of 30 times. The measured fre-
quency was 25.5 ± 0.05 kHz. 
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that the pushbutton is pressed from above. In domestic applications the receiver 
(microphone) could be placed on the ceiling so that the surface of the microphone is 
parallel (or more parallel) to the surface of the mouth. This way the detected tones 
would be louder. Another possibility is to develop a remote control with a parallel 
mirror reflecting the sound waves coming out of the mouth in one specific direction. 
The operator would need to aim to the microphone to let it detect the signal. 
5.2.5 Acoustic signal reach 
The reach of the acoustic signals emitted by micro whistles is limited by their 
damping in air. The sound pressure, defined as the local pressure deviation from the 
ambient, is inversely proportional to the distance r to the sound source. This is known 
as the distance law [5.9]. 
  
 
 
 (5-11) 
Sound pressure is the physical quantity measured by a microphone. The sound 
intensity I (defined as transferred acoustic power per unit of normal area) is a 
different physical quantity. From its definition [5.4]: 
  
   
 
 
   
    
 (5-12) 
With Pac the acoustic (or sound) power in Watts. So the sound intensity decreases 
with the square of distance, 
  
 
  
 (5-13) 
Which is an idealization since it assumes exactly equal sound pressure as sound 
propagates in all directions (that is, there are no reflective surfaces in the sound 
field). Figure 5.11 shows the result of a test where the peak amplitude of PVC 
whistles (3 with LRR = 4.28 mm and 3 with LRR = 2.68 mm) actuated manually with 
silicone bellows was measured at different distances to the microphone. Each point is 
the mean of 30 measurements (number of button pulsations). It can be seen how the 
amplitude is strongly damped with the distance. 
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5.3 Acoustic signal processing 
The acoustic signal was recorded by a condenser microphone with an amplifier. This 
analog signal was digitalized with an ADC converter (DAQ card), and then processed 
and analysed in a computer using the software LabVIEW.  
5.3.1 Receiver (microphone) 
The acoustic signals were recorded by condenser microphones with an amplifier, 
connected to a data acquisition card that digitalizes the electric signal. Every micro-
phone had a frequency response which is a measure of the output as a function of 
frequency, in comparison to the input. So the frequency response refers to the way a 
microphone responds to different frequencies. In this work, microphones which are 
intended for a sonic range were used (EMY-63 M/P from house Ekulit). The frequen-
cy response provided in the data sheet (see annex) is an almost flat line for a range 
of 0-20 kHz, but no more information is provided for ultrasonic frequencies. It is 
expected that the frequencies above 20 kHz are damped the more the higher the 
frequency. At the output of the adjustable amplifier, which provides a maximal electri-
cal gain of 20, the output signal has a peak to peak amplitude of approximately 7 V 
(for maximal gain).  
All the experiments that involved the recording of the sound generated by micro 
whistles in this work were done with EMY-63 M/P microphones. At a last period, 
experiments were done to compare the performance of these microphones with 
another model with a higher sensitivity to ultrasonic sounds. This microphone is a 
MEMS microphone with a patented technology called SiSonic from the house 
Knowles (see annex) and a low cost per unit. Figure 5.12 shows the amplitude of the 
 
Fig. 5.11: Peak amplitude as a function of distance for whistles with different reso-
nance room lengths. Each point represents the mean of 30 measurements (30 manu-
al pulsations). 
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emitted tone as a function of the applied pressure for two whistles fabricated by 
PMMA machining [see section 2.2], with pipe lengths of 3 and 2 mm, recorded by the 
two different microphones. Prior to recording, the amplifiers were set to maximum 
gain. The amplitude recorded by the MEMS microphone is higher since its sensitivity 
to ultrasonic frequencies is much higher. Specially remarkable is the case for LRR = 2 
mm. Pipe lengths of 2 mm or less were discarded because of the low amplitude 
registered, but this was due to the frequency response of the receiver. Using 
microphones like the ones from Knowles would allow using shorter pipe lengths and 
hence extending the frequency range in which micro whistles can be employed.  
Another experiment was done to check the amplitude of the tone emitted by an 
ultrasonic emitter composed of two whistles and a silicone bellow type H, with the two 
microphones. Recorded frequencies and tonal amplitudes, at a distance of 5 m, are 
presented in Table 5.1. Again, the amplitude registered with the microphone from 
Knowles is higher, but specially comparing the results of the emitter with higher 
frequencies. As a result, from now on the use of this kind of microphones or any 
other microphone with a good response in the ultrasonic range and a low cost per 
unit is recommended. Enclosed in the annex can be found a graphic comparison of 
the amplitude registered by both microphones with the gain matched equal for a 
sound of a constant frequency (f = 20 kHz), produced with a piezo vibrator.  
 
 
 
 
  
Fig. 5.12: Tonal amplitude as a function of applied pressure for two micro whistles 
with LRR = 3 mm (left) and 2 mm (right). The squares represent data recorded with 
the condenser microphone EMY-63 M/P from Electret, and diamonds correspond to 
data recorded with MEMS microphone SPU0410LR5H-QB from Knowles. Each data 
point is the mean of 30 measurements.  
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  Frequency 1 Frequency 2 Amplitude 1 Amplitude 2 
LRR = 3.5 – 2.75 mm 
Mic 1 20.83 ± 0.33 25.43 ± 0.46 1.56 ± 0.33 1.67 ± 0.46 
Mic 2 20.83 ± 0.19 25.40 ± 0.33 0.74 ± 0.11 0.30 ± 0.07 
LRR = 2.5 – 2.25 mm 
Mic 1 28.39 ± 0.48 30.31 ± 0.53 1.74 ± 0.36 1.69 ± 0.38 
Mic 2 28.45 ± 0.38 30.39 ± 0.49 0.25 ± 0.09 0.16 ± 0.06 
Table 5.1: Frequency and tonal amplitude of the sound produced by manually actuated 
ultrasonic emitters. The sound is recorded using the two different microphones mentioned in 
this section, at a distance of 5 m (Mic 1: Ekulit, Mic 2: Knowles). 
5.3.2 Signal processing  
The electric signal provided by the amplifier was digitalized by using a data acquisi-
tion card (DAQ) (see annex). The control of the card and the processing of the signal 
were done with the software LabVIEW. Figure 5.13 shows a flow chart that outlines 
the operation of the program designed in LabVIEW to extract the frequency informa-
tion of the acoustic tone. The program can be divided in three stages. 
 
Data acquisition 
The program is continuously acquiring the digitalized signal from the DAQ card, with 
a sample rate of 150000 samples per second. The signal is filtered with a 15 kHz 
high pass to eliminate the influence of the audible environmental noise. The trigger 
 
Fig. 5.13: Schematic diagram of the LabVIEW program designed to record and 
analyze the acoustic pulse emitted by ultrasonic micro whistles. 
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detects when the data surpasses a defined level of amplitude and enables a record 
of a number of milliseconds (20 ms is enough for a single pulse). The trigger may be 
also actuated with other sources of ultrasonic sound. Ultrasonic noise is generated 
for example when a bundle of keys is jingled or when a door or window is suddenly 
shut (Fig. 5.13). 
 
Frequency analysis 
In this step, the program extracts the FFT of a 3 ms long segment of the sound wave 
centred in its maximum. The frequencies are calculated as the peak values of the 
main bins contained in the FFT. The numerical values of these frequencies together 
with the ratio between higher and lower frequency constitute the codified information 
sent by the ultrasonic emitter, or “key”. 
 
Key validation 
The program compares if the numerical data of the key falls within particular predefin-
ed ranges. If so, an action that is assigned to that key can be executed. The ranges 
are defined such, that they contain all the possible frequencies that the micro whistles 
of the emitter can produce (typically the span is of 1.5 kHz, but depends on every 
single emitter). Since the frequency of the sound generated by a whistle is a function 
 
Fig. 13: Sound produced by a door being suddenly shut and its FFT. 
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of the force with which the pushbutton is pressed, the frequency of a micro whistle 
employed as a remote control needs to stay in certain limits, because the signal of a 
whistle needs to be distinguished from accidentally generated ultrasonic noise and 
from other whistles used for other applications or actions. However, ultrasonic noise 
in general is not limited to a certain frequency and therefore can be distinguished 
from encoded signals generated by whistles. 
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6. Prototypes 
 
Every set of two or more whistles intended to be actuated simultaneously forms an 
encoded ultrasonic emitter. Evidently, it is necessary to match whistles with different 
nominal frequencies to deliver a frequency spectrum with a unique mark. By 
arranging sets with different combinations of frequencies it is possible to develop a 
remote control able to emit different “commands”, or encoded ultrasonic signals. The 
number of commands is limited by the frequency range of the whistles.  It has been 
seen [section 2.2.1] that this range extends from the upper hearing threshold for 
humans (20 kHz) to the maximum frequency that micro whistles fabricated with 
ultrasonic hot embossing are able to emit and is still detectable with the available 
microphone. This limit is still to be figured out. The practical limit is set by the fre-
quency response of the microphone. With the microphones used in this work, it is 
impractical to use pipe lengths under 2.25 mm (or frequencies above 35 kHz), since 
the microphone is barely able to detect these sounds.  
Besides, the frequency emitted by every whistle depends on the air pressure provid-
ed to actuate it. This variation has been limited by modifying the geometry of the 
whistle [section 2.2.5] and by developing an actuator (bellow) that when pressed 
provides an approximately constant air pressure [chapter 4]. However, there is still a 
huge frequency variation that can be over 2 kHz. The shorter the pipe length LRR is, 
the more sensitive is the frequency on the actuation pressure. So in principle it 
seems reasonable to select pipe lengths that are more distant from each other for 
short LRR and more tightly spaced for long LRR (e.g., taking LRR = 3.6, 3.4, 3.2, 3 , 2.7, 
2.4 mm). However, and due to the characteristics of the process of fabrication, the 
nominal frequency of a micro whistle varies considerably even when micro whistles 
are fabricated with the same set of tools [section 3.3]. For example, some of the 
curves for the single whistles fabricated from PET [section 3.3], for the pressure 
range of interest up to 40 kPa are shown in Fig. 6.1 and 6.2. 
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The different LRR are equally spaced (0.25 mm), but not the curves. Sometimes a 
curve overlaps a part of another curve corresponding to a longer LRR (i.e., lower 
nominal frequency) for a certain range of air pressure as in the case of Fig. 6.1 and 
the curves for LRR = 2.5 and 2.75 mm. In Fig. 6.2, the curves corresponding to 
whistles with LRR = 3.25 and 3.5 mm overlap each other for almost the entire 
 
Fig. 6.1: Frequency versus air pressure feed for whistles fabricated from PET (see 
section 3.3). In this graph, the curves with higher values of frequency (for each pipe 
length 3 whistles were fabricated and tested) are represented. 
 
Fig. 6.2: Frequency versus air pressure feed for whistles fabricated from PET (see 
section 3.3). In this graph, the curves with lower values of frequency (since for each 
pipe length 3 whistles were fabricated and tested) are represented. 
Prototypes 
82 
 
pressure range. It may happen that a whistle emits the same frequency as another 
whistle with a different pipe length for different air pressure values (like it has been 
depicted in Fig. 6.1 with the dotted lines). So, depending on the pressing force over 
the pushbutton, different whistles can emit the same frequency. In general, there are 
too many factors that influence the frequency output of a micro whistle. But on the 
other hand, the ratio between frequencies, which lies also in a fixed range, helps to 
distinguish between different encoded ultrasonic signals. Besides, the pushbuttons 
do not provide all possible values of air pressure (from 0 to 40 kPa), which depends 
on the flow resistance of the whistle [section 3.3.2], the pushbutton itself (which is 
subjected to a fabrication variability also) and how are they joined together. Anyway, 
with the present process of fabrication, it is necessary to check the frequency range 
of every whistle individually.  
6.1 Models of multi-command remote control 
 
Different models of a multi-command remote control have been developed by using 
different fabrication techniques and arrangements of the micro whistles. In general, 
having a number m of different pipe lengths, the number of possible commands tak-
ing sets of n whistles is given by [6.1]: 
  
  
  
        
 (6-1) 
6.1.1 Six-commands remote control with one pushbutton for each whistle 
Since it is impracticable to equate the amplitudes of an ultrasonic emitter where two 
whistles are actuated by one single bellow, it was decided to build a prototype where 
each whistle is actuated by a different bellow (bellow type B, see section 4.2.4) (Fig. 
6.3). It consists simply of a guided bar which when pressed in the middle, presses in 
turn both bellows. When the force ceases, it returns automatically to the initial 
position because of the push of the bellows when they recover their shape. The 
whistles were made of PVC foils of 4 x 1.5 cm. Four different LRR were used: 
 LRR = 4.28 mm (a)  
 LRR = 3.56 mm (b)  
 LRR = 3.05 mm (c)  
 LRR = 2.68 mm (d) 
 
The number of possible commands, being m = 4 and n = 2 is then C = 6. 
Prototypes 
83 
 
After fabrication, pairs were matched and tested recording the frequencies of the 
emitted sound at different distances to the microphone, for a minimum of 30 times. 
Amongst these data, the maximum and minimum frequencies registered from each 
whistle were taken as the limits of the validity interval for the command. The same 
was done with the ratio. The following table describes the frequency and ratio validity 
intervals for each command (ultrasonic encoded emitter): 
KEY WHISTLES VALIDITY INTERVALS 
    Extent 
 
A 
 
a – b 
f1 [17.7 – 19.3] kHz 1.6 kHz 
f2 [21.4 – 23.5] kHz 2.1 kHz 
r [1.19 – 1.27] 0.08 
B a – c 
f1 [17.6 – 19.3] kHz 1.7 kHz 
f2 [24.2 – 27.8] kHz 3.6 kHz 
r [1.29 – 1.41] 0.12 
C a – d 
f1 [17.6 – 18.9] kHz 1.3 kHz 
f2 [28.2 – 31.6] kHz 3.4 kHz 
r [1.55 – 1.7] 0.15 
D b – c 
f1 [20.7 – 23.3] kHz 2.6 kHz 
f2 [25.9 – 28.1] kHz 2.2 kHz 
r [1.19 – 1.24] 0.05 
E b – d 
f1 [21.4 – 23.3] kHz 1.9 kHz 
f2 [28.6 – 31.3] kHz 2.7 kHz 
r [1.26 – 1.41] 0.15 
F c – d 
F1 [24.5 – 27.1] kHz 2.6 kHz 
f2 [28.2 – 31.6] kHz 3.4 kHz 
r [1.1 – 1.21] 0.11 
Table 6.1: Frequency and ratio validity intervals for each ultrasonic 
emitter of a 6-commands remote control 
  
Fig. 6.3: Pictures of the structure used to press two whistles simultaneously. The  
holes in the left have the following dimensions: 16 x 41 x 1 mm. 
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The extension of the ranges is quite large, in some cases over 3 kHz. To check the 
reliability of the remote control, each emitter was pressed manually with a random 
force 90 times in different distance intervals to the microphone. There were no 
obstacles placed between the whistles and the microphone. Results showing the 
percentage of successful detections are displayed in table 6.2: 
 
 
A B C D E F 
0-1 m 92,2 96,7 81,1 86,7 97,8 93,3 
1-2 m 95,6 94,4 84,4 95,6 97,8 93,3 
2-3 m 93,3 93,3 80,0 92,2 87,8 96,7 
3-4 m 81,1 94,4 83,3 94,4 92,2 100,0 
Table 6.2: Percentage of successful detections over 90 pulsations  
It is evident that the results are quite improvable. First of all, it must be emphasized 
that the sound waves were not analysed by taking a segment centred in its maximum 
[see section 5.2], but taking a 10 ms-long segment beginning 2 ms before the trigger 
point. That means that depending on the amplitude of the sound signal and the 
distance to the microphone, the part of the total recorded sound (20 ms) over which 
the FFT is calculated varies with every pulsation. On the other hand, most of the 
errors were due to a malfunction of the mechanism of pulsation, resulting in one of 
the whistles being not pressed. 
6.1.2 Fifteen-commands remote control with one common pushbutton for two 
whistles 
This set of ultrasonic emitters was fabricated by using the set of tools and the pro-
cess described in section 3.1. In the last step, instead of welding a polymer bellow 
onto the lid, a silicone bellow was glued with cyanoacrylate glue. In this case, six 
different pipe lengths were used (m = 6) with combinations of two whistles (n = 2), so 
C = 15. The pipe lengths chosen are those shown in Fig. 6.4, i.e.: 
 LRR = 3.5   mm (a)  
 LRR = 3.25 mm (b)  
 LRR = 3      mm (c)  
 LRR = 2.75 mm (d) 
 LRR = 2.5   mm (e) 
 LRR = 2.25 mm (f) 
 
For the lid, SAN foils, 150 µm in thickness, were used. As pushbutton, silicone 
bellows of type “H” were glued. In total, two emitters were fabricated out of each em-
bossing tool, having in total 30 emitters. Amongst them, 6 were discarded because 
one or two whistles were not emitting any sound. A whole set of fifteen different 
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emitters with different combinations of pipe lengths (Fig. 6.4) was then subjected to a 
test where the frequencies and ratio ranges were measured. This was done as ex-
plained above, by simply actuating them a minimum number of 30 times at different 
distances to the microphone. After this, some of the emitters were dismissed be-
cause their frequency and ratio ranges overlapped the ranges of other emitters. This 
leads to a wrong recognition by the receiver of one emitter as two different emitters. 
Despite having different pipe lengths, and because of the fabrication variability, it may 
happen that an emitter provides frequencies very similar to another emitter with 
different pipe lengths, as explained at the beginning of this chapter.   
Those dismissed emitters were tried to be replaced by the remaining emitters 
checking that their frequency ranges did not overlap again other ranges. Finally, it 
was achieved to get a remote control composed of 11 emitters whose ranges did 
never overlap each other in any pulsation. A test was done to check the reliability of 
those 11 emitters (-keys-) as an eleven-commands remote control. For this purpose, 
each emitter was actuated manually 50 times with a random pressure and at different 
distances to the microphone within a range from 0 to 5 m. It was ensured that the 
mouth of the whistles pointed in the direction to the microphone, and no obstacles 
were between the emitter and the receiver. Results on detection success and 
frequency and ratio ranges are shown in table 6.3. 
 
Fig. 6.4: Set of 15 ultrasonic emitters with different combinations of pipe lengths and 
hence different nominal frequencies 
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KEY 
Pipe 
lengths 
[mm] 
Ranges % successful 
detections over 
50 pulsations   
f1 [kHz] f2 [kHz] ratio 
1 3.5 , 3.25    20.5 - 21     22 - 22.75  1.071 - 1.096 94 
2    3.5 , 3 21.5 - 22.25 24.25 - 25.25   1.102 - 1.14 98 
3    3.5 , 2.75  19.75 - 21.5  24.5 - 26.25   1.193 - 1.25 96 
4    3.5 , 2.5  18.75 - 19.5     26 - 27.25  1.368 - 1.435 98 
7  3.25 , 2.75  23.75 - 24.75  25.75 - 27.5   1.072 - 1.13 100 
8  3.25 , 2.5  22.25 - 23 27.25 - 28.5   1.198 - 1.244 92 
9  3.25 , 2.25       22 - 22.5 27.75 - 29.25   1.261 - 1.33 94 
12   3 , 2.25    23.5 - 25 28.75 - 30.5     1.22 - 1.258 94 
13  2.75 , 2.5       26 - 27.5 24.75 - 26   1.038 - 1.08 98 
14  2.75 , 2.25  24.25 - 25 27.75 - 29   1.131 - 1.186 98 
15    2.5 , 2.25       28 - 28.75 29.75 - 30.75   1.053 - 1.09 94 
Table 6.3: Frequency and ratio ranges, and number of successful detections over 50 
pulsations for a remote control composed of 11 ultrasonic emitters 
The first thing to point out is that none of 
the frequency ranges overpassed 2 kHz. 
Besides, From the 22 counted failures 
amongst the eleven tested emitters, 9 
were due to one of the frequency peaks 
being not detected. The rest of times, one 
of the three values (frequencies 1 and 2 
or ratio) fell outside the predefined 
ranges. This can be solved by widening 
the ranges, but then it must be checked 
that they do not overlap so that a single 
emitter can be recognized at two keys 
simultaneously. To improve the reliability 
of the emitters, more work can be invest-
ed on improving the pushbuttons. The 
resulting frequency of the sound is still 
dependent on the position of the finger 
 
Fig. 6.5: Seven FFTs of an emitter actu-
ated manually. It can be seen how the 
second peak is very faint in some of the 
curves. 
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when pressing the bellow and the exerted force. Sometimes this causes that one of 
the frequency peaks is not present in the spectrum, or has a very faint amplitude (Fig. 
6.5). Besides, to achieve a remote control of 15 commands, more emitters can be 
fabricated and check that the ranges do not overlap with the rest; but this is in an 
arduous task to do manually, since the variability of the fabrication process does not 
allow knowing in advance how the frequencies of the emitter will be. 
6.1.3 Twenty-commands remote control with one common pushbutton for 
three whistles 
Another set of ultrasonic emitters was tried to be fabricated by using the set of tools 
and the process described in section 3.1, but taking combinations of three whistles (n 
= 3). By having again 6 different pipe lengths (m = 6), then C = 20. This time, PVC 
foils were used as material for the lid. However, and despite many emitters showing a 
good fabrication quality and being well sealed, only 4 emitters out of 30 were working 
properly (the three whistles emitted a clear tone when actuated).  
The process of fabrication should be revised to improve its reliability. Dimensions of 
the embossing tool, especially the ones regarding the energy directors can be 
modified to amend failures in the welding of the lid on the base. Besides, SAN can be 
used as material for the lid instead of PVC, to check if this improves the welding 
process. PMMA plates (used for embossing the base) showed also a better reliability 
of fabrication for emitters with three micro whistles.  
 
 
 
 
  
Fig. 6.6: Detail of an ultrasonic emitter with three micro whistles embossed into PET, 
and the FFT obtained when actuated manually with a bellow. 
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6.2 Models of switches 
6.2.1 Single-command switches  
Switches are just remote controls intend-
ed to actuate devices with two (or a few) 
possible states. An ultrasonic emitter can 
be entirely fabricated by the process de-
scribed in section 3.1, using as push-
button, a bellow made out of a polymer 
foil. Then, a structure made with the 
standard pushbutton of a light switch can 
be used to actuate the emitter (see figure 
4.18 on page 62). A disc of neoprene, 20 
mm in diameter, was used as pressing 
element over the bellow. The whole 
structure can be embedded in a housing 
simulating a domestic switch (figure 6.7). 
Four switches composed of emitters with two micro whistles, fabricated from PMMA 
plates for the base and PVC foils for the lid were tested. The pipe length and the 
ranges for frequency and ratio are listed in table 6.4. Those were calculated by 
actuating the switches several times at different distances to the microphone with a 
random pressing force.  
Switch Pipe lengths [mm] 
Frequency 
range 1 [kHz] 
Frequency 
range 2 [kHz] 
Ratio range 
1 4.28, 3.56 19.9 – 21.3 21.9 – 23.0 1.04 – 1.11 
2 3.56, 3.05 21.3 – 22.3 24.9 – 26.2 1.14 – 1.21 
3 3.05, 2.68 23.4 – 24.9 25.9 – 27.5 1.06 – 1.14 
4 3.56, 2.68 21.4 – 22.3 27.0 – 28.8 1.25 – 1.32 
Table 6.4: Pipe lengths, frequency ranges and ratio ranges for four ultrasonic switches. 
Then, a detection test was performed to check the reliability of the switches by actua-
ting manually each switch a number of 50 times at different distances to the micro-
phone. Results in table 6.5 show the percentage of successful detections over those 
50 actuations of each switch. 
 
 
 
 
 
Fig. 6.7: Ultrasonic switch embedded in a 
polymer housing. 
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1 2 3 4 
0-1 m 94 98 100 90 
1-2 m 98 100 100 100 
2-3 m 100 100 100 94 
3-4 m 100 100 98 100 
4-5 m 94 96 98 96 
5-6 m 94 96 100 98 
Table 6.5: Percentage of successful detections for four 
switches over 50 pulsations 
In virtually all cases where the encoded signal was not recognized, one of the fre-
quencies had not been present in the spectrum, and not because the frequencies fell 
outside the ranges.  
6.2.2 Multi-command switches with a single pushbutton 
A switch able to emit different encoded signals with a single pushbutton is shown in 
figure 6.8. It is equipped with three different whistles activated by a single pushbutton 
and one of the whistles can be closed by a slide varying the emitted frequencies. This 
way, it is possible to emit three different pairs of frequencies when the pushbutton is 
pressed. Figure 6.8 shows the FFT spectra for two different positions of the slide.  
 
 
 
 
 
Fig. 6.8: Emitter with three whistles and a slide that can cover the output of one of 
them (left). FFT spectra of the emitted sound for two different positions of the slide 
(right).  
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6.2.3 Switches with time-dependent functionality 
A switch that presses another bellow 
when the pushbutton is released has 
been developed. Specifically, when the 
pushbutton is pressed, a certain encoded 
ultrasonic signal is emitted, and when it is 
released, a different encoded signal is 
produced (figure 6.10). This way, a 
device, mechanism or engine can be 
triggered when the pushbutton is first 
pressed, and remain running until the 
pushbutton is released (e.g., window 
blinds). Moreover, different actions can 
be executed depending on the span of 
time elapsed between both encoded 
signals. It can be considered to develop a 
whistle like the one schemed in figure 
6.9, so that both mouths are oriented in 
the same direction. This way, it can be 
avoided that one of the emitted sounds is 
much more damped because it is point-
ing to the opposite direction to the micro-
phone.  
  
 
Fig. 6.9: Scheme of a time-dependent 
switch where the mouths of all three 
whistles are oriented to same direction. 
Dotted lines represent the bellows. 
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6.3 Ultrasonic emitters with a parabolic mirror.  
A switch or remote control emitting a collimated acoustic signal has been developed 
by attaching a parabolic mirror to it. Such a device is sending a loud, high-amplitude 
tone in one specific direction when actuated, and the sound is emitted much weaker 
in other directions. This way, different devices can be actuated by pointing the switch 
or remote control to a specific receiver (microphone) located somewhere in the signal 
range. The sound signal generated at the mouth of the micro whistle is collimated by 
using a parabolic mirror with the shape of a paraboloid. A paraboloid is the three 
dimensional object that results from revolving a parabola around its symmetry axis 
(Fig. 6.11) [6.2]. 
  
 
  
Fig. 6.10: Switch with time-dependent functionality. The signal emitted is different in 
frequency when the pushbutton is pressed and released. 
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Parabolas are two-dimensional and mirror-symmetrical curves. They fit the mathe-
matical description of the locus of all points in a plane that are equidistant to a line 
called directrix and a point known as focus, although other definitions are possible 
and equally right. For example, the parabola is also the graphic representation of a 
quadratic function of the type y=x2. Parameters of a parabola in the plane are defined 
in figure 6.11. One important feature of these geometrical objects is that any parabola 
can be repositioned and rescaled to fix exactly any other parabola, i.e., all parabolas 
are geometrically similar [6.4]. Analytically the equation of a parabola with its vertex 
on the origin of the coordinate system, directrix in the direction x = -p and focus in the 
point (p,0): 
  
  
  
 (7-1) 
The equation can be generalized to allow the vertex to be at a point other than the 
origin by defining the vertex as the point (h, k). The equation of a parabola with a 
vertical axis then becomes [6.5]: 
      
      
  
 (7-2) 
Similarly, a paraboloid can be represented in the coordinate system with the following 
equation [6.4]: 
 
 
 
 (
 
 
)
 
 (
 
 
)
 
 (7-2) 
  
Fig. 6.11: Parameters of a two-dimensional parabola (left). Paraboloid of revolution 
(right) [6.2] [6.3].   
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Being a and b parameters dictating the level of curvature in the x-z and y-z planes, 
respectively. In the case that a = b, the elliptic paraboloid is a paraboloid of revolu-
tion, obtained from the revolution of a two-dimensional parabola. This is the funda-
mental shape of parabolic reflectors. If 
they are made of a material with appro-
priate reflective properties, parabolic re-
flectors reflect waves of different nature 
(light, sound and other forms of energy) 
that impact on the mirror travelling paral-
lel to its axis of revolution and concen-
trate them into the focus, i.e., a single 
point (fig. 6.13). This happens regardless 
of where on the parabola the reflection 
occurs. Conversely, waves originated in a 
punctual source at the focus are collimat-
ed into a parallel beam, (which is in turn 
parallel to the revolution axis). This prop-
erty is exploited in many devices like 
flashlights, parabolic antennas, parabolic 
microphones, etc. A directional remote 
control can then be developed by placing 
an ultrasonic emitter such that the mouth of the micro whistles are situated at (or very 
close to) the focus of a parabolic reflector. Due to the fact that a paraboloid is 
originated from a two-dimensional parabola, its equation in the plane (7-1) will be 
considered, instead of the 3D expression for a paraboloid of revolution. Besides, and 
for convenience, the origin will be considered at the vertex of the parabola. On the 
 
 
Fig. 6.12: Parabola according to equation 
(7-2).  In this graph, ¼ p > 0. Otherwise 
the parabola is upside down. 
Fig. 6.13: Beams impacting in a parabo-
loid parallel to the revolution axis (sym-
metry axis of the parabola) are concen-
trated in the focus. 
 
Fig. 6.14: Distance between the vertex 
and the plane of the rim of the 
paraboloid.  
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other hand, and because of the property of geometric similarity, the parameter given 
to distinguish between the different parabolic mirrors is the distance between vertex 
and the plane of the border of the mirror (H, figure 6.14) 
 Height (H) Parabola equation Position of focus (0,p) 
Mirror 1 18 mm y = (1/40) x2 p = 10 mm 
Mirror 2 9 mm y = (1/25) x2 p = 6.25 mm 
Table 6.6: Parabola equations and locations of the foci for the two tested sizes of mirrors. 
The reliability of the usage of a parabolic mirror with micro whistles has been tested 
by using a coupling as shown in figure 6.15. A constant pressure supply was used to 
ensure that the amplitude of the tone does not fluctuate because of the use of 
manually pressed pushbuttons. The maximum amplitude of the sound emitted by the 
micro whistle, actuated with a constant pressure difference of 16 kPa, was measured 
several times with two microphones at a distance of 1.5 meters. One faced the mirror 
(i.e., it faced the revolution axis) and the other was placed at the same distance but 
at 90° (figure 6.15, right).  
 
The amplitude was measured in several measurements (250) obtaining the results 
depicted in figure 6.16. It is obvious that the mirror has an influence on the emitted 
sound, raising the amplitude in the direction of collimation. The second microphone 
detected a very faint sound, possibly coming from the reflected waves of the original 
sound.  
  
Fig. 6.15: Single whistle with its mouth placed at the focus of the mirror (left). Mea-
surements done to test the emitted sound, D = 1.5 m (right). 
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The mirrors were produced by a CNC 
milling machine from aluminum or 
poly(metyl methacrylate) - PMMA. Be-
sides, the configuration shown in 
Fig. 1.15 is not optimal because the 
whistle itself is blocking a part of the 
sound reflected by the mirror. A 
configuration as shown in figure 6.17 
avoids this problem. In this case, the 
lower half of the mirror is in principle 
unnecessary. Experiments were done 
[6.6] comparing the usage of a full, half 
and a quarter of a mirror, with the 
whistle’s mouth located always at the 
focus. Two different materials to fabricate 
the mirrors and two mirror sizes were 
also compared. Results of the measured 
amplitude (for at least 250 measure-
ments) at a fixed distance and a constant 
air pressure of 40 kPa are listed in table 
6.7. Microphones were placed facing the 
mirror. 
 
 
 
Fig. 6.16: Amplitude of the sound emitted by the micro whistle of Fig. 6.15. 
 
Fig. 6.17: Configuration that avoids 
sound blocking by the whistle. It is neces-
sary to drill a hole in the back of the mir-
ror to place the whistle’s mouth at the 
focus. 
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Configuration Material H (mm) Mean amplitude (V) 
Standard 
deviation (V) 
Full mirror Al 18 1.706 ±0.045 
½ mirror Al 18 1.553 ±0.035 
¼ mirror Al 18 1.008 ±0.031 
No mirror - - 0.516 ±0.034 
Full mirror Al 9 0.631 ±0.029 
Full mirror PMMA 9 0.544 ±0.014 
Table 6.7: Measured amplitude of the emitted sound using different mirror configurations and 
materials. 
The comparison between the two possible configurations mentioned so far (figures 
6.15-left and 6.17) is presented in figure 6.18. The experiment was analogue as the 
one of figure 6.16, but this time using a single microphone. The same micro whistle 
was tested with both types of configurations, and for the second one the amplitude 
was measured for the emitter turned 90° with respect to the microphone. Results 
confirm that the second configuration provides a louder tone. 
Obviously, the location of the mouth of the whistles regarding the location of the 
focus has an influence in the emitted sound. The more the sound source deviated 
from the focus, the fainter the sound received by the microphone. To illustrate this, an 
experiment was done by placing a single whistle at different points, from the exact 
location of the focus to increasingly deviated points (figure 6.19). The whistle was 
 
Fig. 6.18: Comparison of the amplitude of the tone emitted by a micro whistle using 
a mirror configuration like in Fig. 6.15-left (conf. 1) and Fig. 6.17 (conf. 2). 
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actuated with a constant air pressure of 40 kPa and the distance to the microphone 
was fixed for all measurements. Results are shown in figure 6.20. 
Since the ultrasonic emitter will be composed of (at least) two micro whistles, it is 
virtually impossible that the sound for both ultrasonic pulses is located exactly at the 
focus. The configurations adopted as practical directional switches are presented in 
Fig. 6.21. In one of them, the whistles are fabricated in a classic way, standing one 
next to the other. In this case, there is a deviation of the focal point in the horizontal 
direction. Only half of a mirror is adopted in this configuration, since the difference on 
 
 
Fig 6.19: Deviation of the mouth position from the focal point 
 
Fig. 6.20: Results on sound amplitude emitted by a micro whistle deviated from the 
focus in two different directions. The lines correspond to the polynomial curves best 
fitting the data.  
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the emitted amplitude with a full mirror is small (Table 6.7). The other possible con-
figuration consists of the two micro whistles placed on top of each other with a 
common air inlet hole. In this case a full mirror is necessary to collimate both sounds 
(Fig. 6.21).  
To check the practicability of collimated ultrasonic emitters with parabolic mirrors, the 
following experiment was done. A single micro whistle was actuated with an alumi-
num half-mirror (H = 18 mm), with a constant air pressure (40 kPa) at different distan-
ces to the microphone. The sound amplitude was measured in every distance for 
different angles between the emitter and the microphone. Results are shown in 
Fig. 6.22: 
 
 
Fig. 6.21: Mirror configuration for an emitter with two micro whistles standing next to 
each other (left). Two whistles with a single air inlet that can be used with a full 
mirror (right). 
 
Fig 6.22: Amplitude of the collimated sound emitted by a micro whistle with a half 
parabolic mirror attached, measured at different angles and at different distances. 
Dotted lines represent the amplitude of the sound measured without mirror.  
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The figure shows that for an angle over 0.35 rad (20°), the sound recorded by the 
microphone has a very faint amplitude, falling to 15% of the maximum amplitude 
when the distance to the microphone is of 4 m, and 22% when the distance is of 2 m. 
This enables defining an amplitude threshold for which a predefined action is execut-
ed when a receiver records a sound overcoming this threshold. Analogously, an 
angle range can be defined, given a fixed distance between emitter and receivers. An 
emitter pointing a receiver within this angle range would execute the action associat-
ed to this receiver, and not the actions associated to adjacent receivers. Hence, this 
angle range sets how separated the different receivers can be placed. For example, if 
the threshold is set to 1.5 V to activate a device from a distance of 4 m, microphones 
need to be placed at a minimum angle of approximately 0.17 rad, i.e. at distances 
larger than 0.68 m from each other ensuring that only the desired device is activated.  
Finally, an experiment was done using an ultrasonic emitter composed of two micro 
whistles with a mirror attached with the configuration of Fig. 6.21, left. The emitter 
was placed at a distance D to a central microphone (cf. Fig. 6.23). Two additional 
microphones were placed at an angle of 0.4 radians to the microphone, or 1.27 m 
away of the central microphone. Prior to any measurements, the gains of the three 
microphones were equalized by using a piezo emitting a continuous acoustic pulse of 
26 kHz. The emitter was actuated manually 50 times pointing to the central micro-
phone, and then to the left and right microphones. The maximum amplitude of the 
recorded wave sound was measured in all cases. The mean and deviation of the 
registered values are presented in Table 6.8. 
 
Fig 6.23: Experimental setup to measure the maximum amplitude of the sound com-
ing from an ultrasonic emitter with a parabolic mirror.  
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Emitter pointing to central microphone 
D = 3 m D = 1.5 m 
Left Central Right Left Central Right 
0.61 ± 0.18 2.66 ± 0.55 0.41 ± 0.14 0.52 ± 0.18 4.34 ± 0.63 0.82 ± 0.3 
Emitter pointing to left microphone 
D = 3 m D = 1.5 m 
Left Central Right Left Central Right 
2.33 ± 0.41 0.66 ± 0.11 0.52 ± 0.12 2.95 ± 0.75 1.43 ± 0.29 0.34 ± 0.05 
Emitter pointing to right microphone 
D = 3 m D = 1.5 m 
Left Central Right Left Central Right 
0.39 ± 0.1 0.66 ± 0.16 2.14 ± 0.41 0.28 ± 0.06 1.56 ± 0.48 3.08 ± 0.45 
 
Table 6.8: Mean and standard deviation of the maximum amplitude (in volt) registered by 
three microphones of the sound emitted by an emitter with parabolic mirror manually 
actuated. Measured frequencies of the tested emitter were 25.56 ± 0.12 and 28.16 ± 0.16 
kHz. 
Results show clearly that the amplitude of the sound recorded by the microphone to 
which the emitter is pointing to is quite higher. That allows setting an amplitude 
threshold (e.g., at 1.8 V) to trigger an action when the amplitude recorded by a 
certain microphone overpasses this threshold. In the worst case, at a distance of 3 m 
the lowest factor between the amplitude at the aimed microphone and the neighbor-
ing microphones in all measurements was of 2.3. At a distance of 1.5 m, this mini-
mum value is reduced down to 1.33.  So setting an amplitude threshold is feasible as 
long as the emitter has a fixed position with respect to the microphones. Otherwise, 
and observing what happens when the sound amplitude is measured at a distance D 
= 1.5 m, is more practical to execute the action associated with the receiver which 
registers the loudest tone. In the data, no measurement was observed where the 
amplitude in the other two receivers was higher than the amplitude of the targeted 
microphone.  
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6.4 Sound pressure level of micro whistles 
The amplitude of the sound, in terms of sound pressure, produced by some micro 
whistles with different nominal frequencies and actuated manually with two different 
pushbuttons is provided in the Table 6.9. A sound meter was employed as measure-
ment instrument. The polymer pushbutton is made of PET and 30 mm in diameter, 
and the silicone pushbutton is a model “B”. It is expected that using a bigger silicone 
pushbutton (like model “H”) the measured sound pressure level (SPL) is higher.  
 PVC Pushbutton Silicone bellow 
 Max SPL Peak SPL Max SPL Peak SPL 
18.5 kHz - - 59.2 dB 77.1 dB 
21.5 kHz 62.8 dB 84.7 dB - - 
24 kHz 56.8 dB 79.6 dB 53.7 dB 70.4 dB 
28 kHz 55.5 dB 73.1 dB 51.2 dB 58 dB 
 
Table 6.9: Sound pressure level of whistles with different nominal frequencies. The value 
“max” corresponds to the highest RMS value with a time weighting of 125 ms, and “peak” is 
highest SPL value registered, over 30 manual pulsations at 1 m distance. The sound meter 
employed was a Norsonic SPM 116, with a weighting filter “C”. 
Another experiment was developed checking how much noise in the audible range 
can disturb the measurements in the ultrasonic range. Ultrasonic emitters with poly-
mer pushbuttons were actuated at 1 m distance to the microphone. A couple of loud-
speakers were reproducing music and the level of noise in the microphone was 
measured in decibels with a sound meter. The number of times that the sound of the 
emitter was successfully recognized was registered for 30 pulsations and different 
levels of noise (Table 6.10). A high-pass filter of 15 kHz was used in the Labview 
program. Despite the usage of the filter, over sound pressure levels above 70 dB, the 
detection rate is decreased. With the signal processing used so far, where the 
software triggers the signal recording when a certain amplitude threshold is 
overcome, the usage of microphones intended for an ultrasonic range can raise the 
level of noise at which the ultrasonic emitters are still operational, since these 
microphones damp the amplitude of the sound in sonic range. Another possible 
solution is to develop a signal processing where the FFT of the sound registered by 
the microphones is continuously calculated, over, e.g., segments of 4 ms. This way, 
there is no signal triggering and the system can detect when an encoded ultrasonic 
signal is emitted.  
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Nominal 
frequencies 
Noise 
[dBSPL] 
Detection on 30 
pulsations 
   
24.5 – 28 kHz 
71 30 
75.8 24 
76.6 18 
85.1 2 
   
24 – 26 kHz 
71 30 
76.5 23 
79.2 14 
83.5 2 
Table 6.10: Number of successful detections of ultrasonic 
emitters at different levels of noise. 
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7. Position detection with micro whistles 
 
It is possible to use ultrasound to develop a Real Time Locating System [7.1] (RTLS) 
for indoors applications. An Indoor Positioning System (IPS) is defined as a system 
providing continuous real-time location of objects or people within a closed space. 
IPS use technologies based on infrared, RF or ultrasonic signals (or a combination of 
them) [7.2]. The positioning approach can be based on different processes [7.3]: 
1. Trilateration   The signal strength and/or propagation time difference are 
assumed to be proportional to the distance between signal sources and more 
than one receiver, whose positions are well defined. Then the source location 
is calculated by geometrical means. At least three signals from different sour-
ces must be reliably received, or 3 receivers at different positions must record 
a unique signal. 
2. Triangulation  Location of the signal source is calculated measuring the 
angle of arrival to the receivers, whose position is well defined 
3. Connection based positioning  Position is determined by measuring the 
signal strength from different nodes whose location is known. This method 
work for short range technologies like Wi-Fi and Bluetooth. 
There are nowadays commercially available technologies that allow the localization 
of the source of an ultrasonic pulse [7.4]. These sources are devices powered by 
electricity. With micro whistles, which can be actuated only by mechanical means, it 
is possible to develop an effective two-dimensional IPS by recording the sound pulse 
emitted by a whistle with at least 3 microphones. The time difference of arrival of the 
signal to the different receivers is measured and the position is calculated by 
trilateration. By adding a fourth microphone, position is determined much more pre-
cisely, and with 5 microphones the three spatial coordinates of the source can be cal-
culated. Results have shown a precision of less than one wave length of the sound 
pulse (on the order of 15 mm for the range of frequencies used) [7.5]. Altogether, the 
possibility of developing a battery-less remote control whose position is calculable 
through a set of microphones is presented. 
7.1 Working principle 
When actuated, the micro whistle generates an ultrasonic tone above the audible 
range. A set of three or more microphones in the near record this tone and the posi-
tion of the whistle is calculated from the differences of the arrival times of the acoustic 
signals at the microphones (i.e., the propagation time difference or Δt, Fig. 7.1). 
During measurements the microphone first recording a signal was set as the refe-
rence microphone, i.e., it was nearest to the acoustic signal source (or micro whistle 
position). The propagation time difference of the rest of microphones was calculated 
with regard to the reference microphone. It should be noted that the receivers were 
continuously measuring sound, so ultrasonic signals generated by accident and 
reflected signals should not affect performance and it is desirable to distinguish 
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between signals generated by different whistles. So a localization system for a sound 
source composed of two whistles is more desirable easing distinguishing between 
different signal sources and ultrasonic background sound. Anyway, the propagation 
time difference calculation has been studied for both cases, for one whistle and two 
whistles actuated simultaneously.   
The propagation time Δt difference can be converted to distance value Δs (propaga-
tion distance difference) by means of the sound speed c: 
          (7-1) 
This is the parameter necessary to introduce a hyperbolic ansatz that provides a 
mathematic algorithm to calculate the position of the sound source. 
7.2 Position Calculation. Mathematical background 
A hyperbola is defined as the locus of all points in the plane where the absolute value 
of the difference of the distances to two fixed points (the foci) is constant [7.6]. The 
positions of the microphones represent the foci, and the difference of the distance of 
a micro whistle to them can be calculated from the measurement of the propagation 
time difference. With this data, a hyperbola containing all the possible locations of the 
micro whistle can be traced. For given fixed positions of two microphones M1 and M2, 
the difference of distance for a theoretical position of the micro whistle P is given by: 
     ̅̅ ̅̅ ̅̅     ̅̅ ̅̅ ̅̅  (7-2) 
Figure 7.2 shows, for a given pair of microphones, the hyperbolas resulting from 
different values of the difference of distance s.  
  
 
Fig 7.1: Left: Arrangement of 3 microphones to detect whistle position in the plane. 
Right: Time between the arrivals of the sound at two different microphones. 
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By adding more microphones, more hyperbolas can be defined; theoretically, the 
intersections between hyperbolas define the whistle position. 
7.2.1 Localization in the plane and in the space 
The coordinates of 3 microphones (M1, M2 and M3) and a whistle in a plane are 
shown in Figure 7.3. The distance of the closest microphone to the point P is 
represented by a. The other distances are expressed as the sum of this quantity plus 
 
Fig. 7.2: Hyperbolas for different distance differences between the whistle position 
and two microphones M1 and M2 [7.5]. 
 
Fig. 7.3: Coordinates in a plane of three microphones (M1, M2 and M3) and a whistle 
(P). 
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an additional distance Di. These are the distance differences Δs which can be calcu-
lated from the propagation time differences.  
Mathematically, the distance of each microphone to the point P is represented by: 
        
          
     (7-3) 
        
          
        
  (7-4) 
        
          
        
  (7-5) 
Expanding quadratic terms and subtracting then the first equation from the other two, 
the following expressions are obtained:  
   
     
     
     
                             
         
  (7-6) 
   
     
     
     
                             
         
  (7-7) 
From these equations, xP and yP (coordi-
nates of the sound origin) are calculated 
as a function of a. Finally, substituting 
them in 7-3 yields a quadratic expression 
on a. That means that a set of three 
microphones yields three hyperbolas that 
can intersect each other either in one 
point (a has a positive and negative solu-
tion, which is automatically discarded) or 
in two points (a has two positive solu-
tions). The extension of the region with 
one single valid solution can be evaluat-
ed for a given set of microphones. In gen-
eral, within the area delimited by the 
microphones there will be a single valid 
solution (Fig. 4). The condition of exis-
tence of solution for the system is that the 
microphones are not aligned [7.5]. With 
the addition of a fourth microphone to the 
receiver system, another equation is introduced in the former system: 
        
          
        
  (7-8) 
Subtracting this equation from (7-3), and together with equations (7-6) and (7-7), a 
linear system with three unknowns (a, xp, yp) is formed. This allows obtaining the 
 
Fig. 7.4: Regions with one single valid 
solution (white) and two positive, possible 
valid solutions (green). Red dots repre-
sent the microphones [7.5]. 
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whistle position linearly. Besides, it enables the localization in the space by extension 
of the coordinates to a third dimension:  
        
          
          
     (7-9) 
        
          
          
        
  (7-10) 
        
          
           
        
  (7-11) 
        
          
           
        
  (7-12) 
The former equations allow localization in space; as in the case of using three 
microphones for localization in the plane, the position is not uniquely determined. 
There may be two possible, positive solutions that correspond to the solutions of the 
quadratic equation on a. By adding a fifth microphone, there are four equations with 
four unknown, enabling a linear calculation of the position. Generalizing, depending 
on the number n of microphones, a linear system can be derived with n-1 equations 
[7.5]. 
7.2.2 Linear or quadratic averaged solution 
Alternatively to the linear solution, using the same number of microphones it is possi-
ble to calculate the position as the mean of the quadratic solutions obtained with a 
number of z subsets of microphones. 
  ( 
 
)    (7-13) 
With k the total number of microphones and n the number of elements in each sub-
set. So for 4 microphones, the total number of quadratic solutions is z = 4. If 5 micro-
phones were used for position calculation in the plane (so k remains as 3), then the 
total number of solution would be 20.  
So with 4 microphones, the exact solution is calculated as the mean of 4 solutions. If 
the distance difference to all microphones were measured exactly, all the hyperbolas 
would intersect at a single point. But there is a measuring error on the propagation 
distance difference on the order of one wavelength (see section 7.3.1). So the 
position solution provided by the consideration of each set of three microphones will 
differ from the actual position because of this measuring error (Fig. 7.5). 
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It may happen that some of the quadratic systems provide two positive, possible 
solutions. In this case, the position of the micro whistle can be averaged taking all 
possible combinations of quadratic solutions and choose as the proper one the one 
with the lowest statistical variance [7.6]. 
After a theoretical analysis of the sensitivity of both methods to errors in the propaga-
tion time difference of one wavelength, it was found that the averaging of quadratic 
solutions is far more stable than the linear method [7.6]. This method actually 
provides highly stable solutions for the inner region delimited by the microphones, 
and it was adopted for position calculations in the plane instead of the linear method. 
7.3 Propagation time difference calculation 
The position of a whistle was determined from the difference of the times when the 
sound arrived at different whistles. Therefore, the precision of this method is relying 
on the exact measurement of the beginning of the signals at the microphones. 
Unfortunately, the beginning of a signal is not clearly defined. 
First of all, it is necessary to indicate that the micro whistle will be in principle actuat-
ed manually with bellows, and that the sound signal shape (length, amplitude) may 
vary significantly during repeated measures (see section 5.2.1). This fact will have an 
influence in the Δt estimation procedure. Different approaches to process the signals 
and calculate the propagation time difference were tried using the software Labview. 
Amongst them, the method which provided the best result was a cross correlation of 
the curves corresponding to the sound signal registered by each one of the most far 
microphones and the reference microphone. The calculation is refined by doing a 
phase adjustment of the curves by a cross correlation of an early section of the 
signal, in general the first 10-20 oscillations. By this combined method the error in the 
 
Fig. 7.5: Hyperbolas resulting of considering all possible combinations of three micro-
phones. For every combination, 3 hyperbolas can be drawn. The figure on the right 
zooms the section of interest on the left. The average of the 4 quadratic solutions is 
represented as a yellow cross [7.5]. 
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estimation of the propagation time difference remains in a range of one wave length 
(for a distance between microphones of 1 m) [7.5]. 
7.3.1 Cross correlation 
The propagation time difference is evaluated as the span of elapsed time between 
the beginnings of the acoustic signals at different microphones. The reference signal 
is the one recorded by the microphone nearest to the sound source, and it sets the 
origin in time. Then, the propagation time difference was calculated as the displace-
ment of the other signals required to make their origins coincide with the reference 
signal (Fig. 7.6). 
 
The cross-correlation in signal processing is 
a measure of similarity of two waveforms as 
a function of a time-lag applied to one of 
them (Fig. 7.7) [7.7]. This time-lag was 
applied as the number of samples that one 
of the signals was displaced along the 
abscissa. The other signal remained static 
and the cross correlation was calculated for 
each of these displacements. It was assum-
ed that the similarity of both signals is maxi-
mum when the origins are matched, so the 
displacement n (in samples) for which the 
value of the cross correlation R12 is maxi-
mum gives the most probable value of the 
time arrival difference. It is important to note 
that the cross-correlation gives an idea of 
the similarity between signals and its abso-
 
Fig. 7.6: The propagation time difference was calculated by matching the beginnings 
of the different acoustic signals with the reference signal (in red) [5]. 
 
Fig. 7.7: Cross correlation of two arbit-
rary signals. The maximum is given 
for a displacement when the similarity 
is highest [7.7]. 
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lute value depends on the amplitude of the signals. Hence it cannot be compared for 
different single measurements. Mathematically, cross-correlation is defined as [7.7] 
   
       ∑              
 
    
 
 
(7-13) 
The envelope functions of the signals were used to calculate the similarity of the sig-
nals through the cross correlation product (Fig. 7.8). This way, the cross correlation 
provides only positive values. The amplitude values of the envelope function were 
calculated as the magnitude of the values of the analytic signal. The analytic signal is 
a complex function and it is obtained through a Hilbert transformation of a signal 
[7.8]: 
             ̂    (7-14) 
 ̂    
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 (7-15) 
In the above equations y(t) is the signal and ŷ(t) its Hilbert transformation. The magni-
tude of the envelope is then calculated as  
     √       ̂     (7-16) 
 
Fig. 7.8: The envelopes of the acoustic signals were subjected to a cross correlation 
to match the origins. 
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A test was done where the time difference of arrival of the sound pulse emitted by a 
micro whistle was measured 44 times in a single arbitrary position within the region 
bounded by four microphones in the corners of a square of 2 x 2 m². The standard 
deviation remained in the range of 0.03 – 0.04 ms, which in units of distance (taking c 
= 342 m/s) is around 14 mm. This value is similar to a wavelength for the range of 
frequencies used (20-25 kHz). Figure 7.9 shows the cross correlation for the different 
measures, for each of the three microphones with regard to the reference micro-
phone. It can be seen that calculated propagation time difference shows discrete 
differences of 5 samples, which corresponds roughly to a wavelength for a sample 
rate of 100 kHz. In some cases, the deviation is up to two multiples of wavelength 
(Figure 7.9, up).  
7.3.2 Phase adjustment 
The electric signals provided by the different microphones in general were not in 
phase. The propagation time difference was refined by a phase adjustment of the 
signals evaluated. For this purpose, a cross correlation was done over a few oscilla-
tions after the beginning of the signal. This short section was subjected to a resampl-
ing by increasing the number of data points and hence raising the resolution and 
facilitating the cross-correlation [7.5]. Besides, a band-pass filtering was applied to 
isolate the dominant frequency content of the acoustic signal and adjust the phase 
 
Fig. 7.9: Propagation time difference (in number of samples) calculated through the 
cross-correlation of the signal recorded by different microphones with respect to a 
reference microphone.  
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over it. Obviously, the phase displacement was inferior to the wave length corre-
sponding to the dominant frequency. 
7.3.3 Influence of reflections  
Sometimes it happened that the cross-correlation curve showed more than a single 
local maximum, because of the influence of reflections that overlap the signal regis-
tered by each microphone in a different way depending on the geometry of the envi-
ronment (Figure 7.10). Because of this, only the first 5 ms of every registered signal 
were analysed to find out the time differences. It has been observed that the maxi-
mum of the signal appears always before 5 ms have elapsed after the beginning of 
the signal. The extension of this segment can be adjusted by means of a certain am-
plitude threshold. The influence of the reflections can also be eased by comparison 
of amplitude thresholds for the different signals, as will be explained later (cf. fig. 
7.14). 
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The following experience was conducted in order to check out how reflections appear 
in the recorded sound pulse. The sound emitted by a micro whistle actuated with a 
bellow was recorded at different positions (Fig. 7.11). In all measurements, the micro-
phones were at the same height from the floor (0.90 m). The whistle was actuated 
such that the mouth surface faced the microphone. In this configuration, it is expect-
ed that “main reflections” occur when the sound waves are reflected at the nearest 
wall, the floor or the ceiling. 
 
 
Fig. 7.10: Cross-correlation of a reference feature of the reference signal (red) over a 
second signal (white). Due to a late reflection, the cross-correlation provides two 
maxima. 
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From all the waves reflected at these surfaces, the one which had to go the shortest 
distance is the one that is reflected at the midway point of each surface between the 
sound source and the microphone (it is assumed that the surfaces are perfectly flat). 
For example, for the wave reflected at the floor: 
 
 
Fig. 7.11: Setup intended to detect reflections in the recorded sound by microphones. 
 
Fig. 7.12: Earliest reflection to arrive to the microphone 
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The distance covered by the reflection can be calculated with the expression:  
Which has a minimum in y=L/2, and then the minimum distance covered is: 
The time lag between the arrival of the straight, original sound wave and the reflec-
tions can be estimated with the relation (c is taken as 342 m/s): 
The table 7.1 shows some of the positions where the sound was recorded. The 
reference system is the one depicted in the Figure 7.11. The recorded sound waves 
are shown in figure 7.13, indicating in every graph the theoretical time at which the 
reflections appear. 
 X [m] Y [m] 
A 0 1 
B 0 3 
  C* 1 3 
Table 7.1: Positions where a micro 
whistle was actuated to register 
the emitted sound wave. *In posi-
tion C, the microphone was placed 
also at 1 m off the lateral wall, so 
that the whistle is facing straight 
the microphone. 
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Fig. 7.13: Sound wave (15 ms) recorded by the microphone in positions A (up), B 
(middle) and C (below). 
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As it can be seen, the theoretical time of arrival of these main reflections coincides 
with a rise of amplitude. There are some considerations which are not being taken 
into account. For example, the surfaces may have a different attenuation coefficient, 
so the reflected sound waves may have different amplitudes. Or the fact that the 
surfaces are not perfectly flat. Early reflections (Fig. 7.13, middle), or reflections that 
have altogether a higher amplitude than the original signal (Fig. 7.13, bottom) can 
lead to false results in the cross correlation. In order to avoid this, a prior approxima-
tion of the Δt is done by an amplitude comparison algorithm. 
The envelopes of the signal recorded by every microphone were normalized as a 
function of the maximum amplitude. The time difference of arrival was estimated then 
as the difference in the absolute time for which each signal overpasses a certain 
amplitude limit (Fig. 7.14). 
In Fig. 7.14 there are represented the envelopes of two signals corresponding to the 
sound emitted from a single micro whistle, recorded by two different microphones. 
The difference in number of samples between the signal amplitude of the reference 
microphone (red curve) and the signal amplitude of the second  microphone (white 
curve) reach a value equal to 50% of the maximum amplitude differs in a huge 
quantity to the difference between both signals reach the maximum (100%) ampli-
tude. This is due to reflections that overlap the signal registered by the second micro-
phone approximately 1100 samples after the signal beginning, which raise the ampli-
tude to a higher value than the amplitude of the original, unaffected signal. This 
process of calculating the difference between the times when a certain threshold of a 
normalized amplitude is reached can be repeated for different thresholds (k), e.g., 
between 5% and 95% of the maximum amplitude in steps of 1% (Fig. 7.15). 
 
Fig. 7.14: Amplitude thresholds of the envelopes of the signals depicted in Fig.2.10 
[7.5]. 
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Fig. 7.15 shows the difference (in number of samples) between the times when both 
signals were reaching the level of amplitude indicated by the abscissa. It can be seen 
that the calculated time difference is different when the threshold considered is over 
86 %, due to the influence of the late reflections. For a range from 5 to 85 % the 
difference is rising only slowly. To identify this areas of change in the estimated time 
difference of arrival algorithmically, the first derivative was evaluated and zones of 
this curve with sharp changes within a certain limited range of samples were search-
ed. This delimits the ranges with different estimated time difference of arrival. The 
most probable solution is the one with a longer extent. This value of Δt was very 
similar to the one obtained by cross-correlation but less precise. By comparison with 
the different local maxima obtained in the cross correlation, the wrong value can be 
dismissed [7.4]. 
In the case that the reflections overlap the signal before the first, the original pulse 
reaches its maximum (Fig. 7.13, middle) the maximum provided by cross-correlation 
will not be similar to the estimation of the time difference of arrival obtained by 
threshold comparison. To overcome this, a certain limit in the distance between both 
values can be set, and when overpassed the solution provided by the threshold 
approximation is taken as the right, (but less precise) value. 
 
7.4 Calculation for 2 micro whistles 
The localization of pairs of micro whistles actuated simultaneously has the advantage 
of being far more distinguishable from accidentally generated ultrasonic noise. 
Besides, a sound signal emitted by two micro whistles has some peculiarities that will 
affect the localization procedure. There are phenomena of interference by overlapp-
ing two acoustic signals with a different fundamental frequency. The overlap of two 
harmonics is defined mathematically as the sum of their amplitudes. In principle, the 
phases of the signals are irrelevant. The sum of two pure sinusoidal harmonics with 
different frequencies ω1 and ω2 and with equal amplitude A can be expressed as: 
 
Fig. 7.15: Propagation time difference, in number of samples, for different amplitude 
thresholds [7.5]. 
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                            (6-21) 
Through the addition theorem [7.10], the former equation can be converted to: 
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 )) (6-22) 
The former equation describes the interference (the sum of the two harmonics) as the 
product of two vibrations: 
 A fast sine vibration with frequency ω1 + ω2 
 A slow cosine vibration with frequency ω1 - ω2 
Fig. 7.16 represents the sum of two harmonics with different fundamental frequen-
cies. It can be observed how the interference vibrates with two frequencies; a faster 
one that corresponds to the oscillatory nature of the interference (red dashed line) 
and a slower one that acts as an envelope of the sine vibration (white dashed line). 
This oscillation pattern fB is known as beat, and the frequency at which its amplitude 
alternates corresponds to twice the frequency of the cosine envelope [7.11]: 
 
Fig. 7.16: Interference made by two pure sinusoidal harmonics and the two main 
oscillations present in it (below) [7.11]. 
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       (6-23) 
The frequencies used in practical applications remain in a range for which their diffe-
rence provides a clearly appreciable beat. Besides, if a phase shift Δϕ is introduced 
between the component waves, the beat will suffer a displacement. For example, 
introducing a shift in one of the components: 
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So the time displacement Beat in the beat is: 
        
 
     
 (6-25) 
The displacement suffered by the beat because of the introduced shift is the larger 
the smaller the difference between the frequencies is. The influence in the sine vibra-
tion is less because of its higher natural frequency. For the determination of the pro-
pagation time difference, the amplifier of the microphones and the data acquisition 
card can introduce a phase shift dependent on the frequency that must be taken into 
account. Besides, both signals are not generated at the same point, and it cannot be 
assured that both micro whistles are actuated exactly at the same time when the 
pushbutton is pressed, so a phase adjustment may be necessary [7.12]. 
The beat can be used to evaluate the propagation time difference through a cross 
correlation, in a similar way as in the case for single micro whistles. However, the 
signals build a clear beat only if the amplitudes of the corresponding frequency 
components are similar. In Fig. 7.17 (above), the amplitudes of the components of 
the reference signal are not similar and hence the resulting beat is not especially 
pronounced, showing a rather chaotic pattern during its course.  
So in case that the acoustic pulse of the micro whistle shows recognizable frequen-
cies with a small difference of relative amplitudes, the signal can be directly pro-
cessed. Otherwise, a single frequency component can be isolated through a band-
pass filter and the Δt can be estimated over it. There exists also the possibility to 
equate the amplitudes of the two component signals. For this purpose, the com-
ponents are separated through a band-pass filter, and the amplitude of the weakest 
signal is multiplied by a conversion factor A1/A2. Finally, the components are summed 
again to obtain the adjusted interference signal (Fig. 7.17, below). 
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The cross correlation of the signals recorded by the different microphones with the 
signal of the reference microphone produce a wave as shown in Fig. 7.18. In the 
cross correlation, the fast sine frequency and the beat frequency are reflected. The 
relevant maxima are studied then by the envelope. Due to the higher distance 
between the maximum peaks (in comparison with the cross correlation for signals of 
single whistles), the probability of errors is lower. Anyway it may happen that there 
are two maxima with a very similar value. To solve this, a previous approximation of 
the Δt can be done with the procedure previously explained of comparing amplitude 
thresholds (cf. figure 7.15), by isolating one of the frequency components with a 
band-pass filter. Then the proper solution (maxima) can be chosen as the more 
similar one to this approximation. 
The procedure of comparing amplitude thresholds cannot be carried out for enve-
lopes of beats because of the alternant nature of the values. It can be seen in Figure 
7.19 how the propagation time difference (in number of samples) differs if the 
amplitude threshold considered is 50% of the maxima or 100%. The approximation 
can be done then by evaluating the distance between local maxima throughout the 
whole length of the beat. This process helps to select the proper value of the propa-
gation time difference when the cross correlation provides more than one possible 
solution. 
 
 
Fig. 7.17: Beat and corresponding envelopes resulting of frequency components with 
high amplitude difference (above). Beat and corresponding envelopes after amplitude 
adjustment (below) [7.12]. 
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Phase adjustment 
In contrast with single micro whistles, the phase of the beat is not the same in each 
microphone because the frequencies are not emitted at the same point. A phase 
adjustment of the interference signal could lead to errors in the determination of Δt. 
The proper way to adjust the phase is to select one of the frequency components 
through a band-pass filter and make the adjustment over it, as described before. The 
process can be repeated with the other frequency component to determine the phase 
difference between both components [7.12]. 
 
 
 
 
 
 
 
 
Fig. 7.18: Detail of a cross-correlation of signal from double whistles [7.12]. 
 
Fig. 7.19: Amplitude thresholds of the envelopes of the beat [7.12]. 
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7.5 Measurements 
The following experiment was conducted to determine the position of a single micro 
whistle (around 18 kHz) in the plane. Four microphones were placed in the corners of 
a square of 2 m x 2 m and 60 cm above the floor. The distance of the microphone to 
the walls was more than 1 m, and the distance “L” between microphones was mea-
sured with a precision of 1 cm. The employed microphones were electret condenser 
microphones from the brand Ekulit, model EMY-63M/P [ANNEX]. Labview was 
employed as signal analysis software, and the data acquisition rate was 150 kHz. 
The micro whistle was placed at 9 different positions within the square and a tone 
was generated by pressing the bellow of the whistle 40 times at each of these 
positions. It was ensured that no reflections were caused by the presence of any 
body between the whistle and the microphones. The positions of the whistle were 
measured with a ruler and an accuracy of 3 cm. Table 7.2 lists the mean of all 40 
measurements in each position and the standard deviation. The detected positions 
are shown in Fig. 7.20. The standard deviation of the measurements remained in a 
range of 1 wavelength (app. 17 mm); however, there often was a systematic 
deviation of the order of a few centimeters from the real position of the whistle. This 
deviation is expected being due to the error in the position measurement of the 
whistles with the ruler.  
Intended and measured positions 
 
Whistle position Measured position 
  
x (mm) y (mm) x (mm) y (mm) 
    
500 500  497 ± 17   503 ± 16 
500 1000  482 ± 12   956 ± 14 
500 1500  480 ± 19 1460 ± 20 
1000 500 1009 ± 10   510 ± 13 
1000 1000 1000 ± 15   950 ± 19 
1000 1500 1017 ± 12 1453 ± 14 
1500 500 1476 ± 15   468 ± 12 
1500 1000 1498 ± 12   967 ± 19 
1500 1500 1503 ± 10 1473 ± 10 
Table 7.2: Measured positions of a single micro whistle. 
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Fig. 7.20: Positions of the whistle (circles) and the positions obtained from the mea-
sured arrival times of the sound.  
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A measurement was done to compare the 
localization reliability of single and double 
whistles [7.12]. The propagation time diffe-
rence was measured for 3 different posi-
tions (Fig. 7.22) by a set of microphones ar-
ranged within a short space, with relative 
distances of 80 mm (Fig. 7.21). The 
determination of Δt was much more reliable 
for the double whistles; the deviation of it 
was up to two orders of magnitude lower. 
Besides, they showed a lower sensitivity to 
early reflections. The standard deviation of 
the mean of calculated propagation time 
difference and phase adjustment are listed 
in table 7.3: 
 Single whistle Double whistle 
   
Position σΔt σΔϕ σΔt σΔϕ 
 [µs] [µs] [µs] [µs] 
1 58.99 0.6967 0.6177 0.6177 
2 31.23 1.181 3.363 1.044 
3 187.9 1.441 0.5341 0.5341 
Table 7.3: Standard deviations of the mean of the calculated propagation time 
differences and phase adjustment, in µs. 
 
 
Fig. 7.21: Arrangement of receivers in 
a narrow space 
 
Fig. 7.22: Positions were the propagation time difference was measured for single 
and double whistles.  
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It has been shown that placing the microphones at relative distances of 80 mm, the 
time difference of arrival of a signal emitted by a double micro whistle can be 
calculated with a precision of an order of magnitude of 1 µs. It is interesting to 
arrange the microphones in a narrow space so that it is not necessary to have a large 
amount of cable to deliver the signal to the analyzer (Fig. 7.21). Besides, the 
similarity of the shape of the sound signals acquired by the microphones is higher in 
such arrange, because the reflections arriving to each receiver are thereby more 
similar. Anyway, it is not possible to forgo a signal treatment of signals before the 
calculation of the time difference of arrival; for example, if the amplitude of the tone 
emitted by the two whistles is pronounced, the shape of the composed signal 
(interfered) is distorted showing a less clear reference feature (beat).   
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7.6 Discussion 
 
In this chapter it has been described how 
the position of objects not equipped with 
any electronics but only with mechanical-
ly actuated micro whistles can be detect-
ed by microphones mounted in a room. 
When the whistle is actuated, the arrival 
time of the tone is recorded by three or 
more microphones in the near and the 
position is calculated from the time diffe-
rences by trilateration. This way, e.g., the 
moving of persons wearing shoes 
equipped with micro whistles can be ob-
served (Fig. 7.23) and help can be called 
when an elderly person stops regular moving. At the same time, micro whistles can 
be employed as remote controls such as switches for room lights which can be 
moveable or be placed just at any place in the room, without any access to a power 
supply. Then, a set of lights on the ceiling could be adjusted to illuminate only the 
part where the position is detected. This feature could be used to optimize by a 
locatable remote control the performance of a set of loudspeakers (e.g., a Home 
Cinema system) to deliver a quality sound in the detected position. However, the 
reliability of the receiver system to calculate the position is also dependent on the 
relative distance of the microphones [7.12]. The signal processing was entirely done 
with a computer by means of the software Labview.   
  
 
Fig. 7.23: Shoe equipped with micro 
whistles to detect the position of a per-
son. 
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8. Summary and outlook 
 
The aim of this thesis was the study of micro whistles and their potential as encoded 
ultrasonic emitters for remote controlling and indoor localization. Micro whistles were 
formerly presented in another doctoral thesis [1.5].  
The physics of sound generation in micro whistles have been studied more in depth. 
The fluid dynamics can be pictured as an air jet being constantly deflected by a 
pressure wave coming from the pipe (resonator) that results in an irradiated sound 
when the vibration is transmitted to the surrounding air. The jet speed has a direct 
influence on the emitted frequency, which is not only fixed by pipe’s shape and 
dimensions. The frequency of the acoustic wave (pressure wave) in the pipes adapts 
itself to match changes in the speed of the air stream striking the lip. This is the 
cause of the observed dependence of the tone frequency with the air pressure (and 
hence the jet speed).  Based on this, some dimensions were modified and their effect 
on the emitted frequency was studied. The aim is to reduce the variation of frequency 
with the air pressure and raise the tone amplitude so it can be detected further. Only 
one dimension is varied with respect to the original design proposed by Gerhardy; 
other dimensions can be subjected to a variation test to see how this affects to the 
tone: the geometry and length of the flue, which influence the characteristic of the jet, 
and the geometry of the pipe. In this latter case a semi-cylindrical or prismatic shape 
can be used if the process of fabrication is ultrasonic hot embossing.  
The chosen fabrication process to mass-produce micro whistles is ultrasonic hot 
embossing and welding. A simple fabrication process was proposed in [1.5] consist-
ing on the embossing of the whistle structures and the punching of the lid holes in 
polymer foils, with a final step to weld lid and base together. In this work some im-
provements have been introduced, like a way to align automatically the lid on the 
right position over the base. Besides, the use of different polymers from PVC has 
been proposed. It has been shown that this fabrication process involves a fabrication 
variability which makes it impossible to predict the actual frequency emitted by the 
whistle prior to fabricate it. The reliability of fabrication has still much room to im-
provement. Refining the parameters, studying how they affect the aspect ratio of the 
embossing process in different materials, and improving the welding process should 
be the next steps. 
Micro whistles are intended to be actuated mechanically without the use of electricity. 
The proposed mechanism consists on simple manually actuated pushbuttons called 
bellows. The ideal bellow would be one that when pressed pushes roughly the same 
amount of air at the same pressure. For this purpose a collapse effect is sought, so 
that when the bellow is pressed over a certain force, it suddenly changes its shape 
pushing the air formerly contained inside it. Seeking for the maximum simplicity, diffe-
rent models are presented: bellows made of silicone by molding, and bellows made 
out of polymer foils by applying pressure and temperature to them. The performance 
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over a single whistle of the different proposed models is compared. The frequency of 
the emitted tones still showed a strong dependence with the actuation force; this 
suppose a problem when micro whistles have to be distinguished from others, if their 
frequency variation ranges overlap each other. Nevertheless, it was achieved to limit 
the frequency variation range down to 2 kHz.  
Actuating micro whistles with bellows involves that the air pressure is not constant 
during the operation time, and hence the frequency of the emitted sound varies 
during the time that the whistle is sounding. The sound wave must be analyzed by 
extracting the spectrum of a signal segment centered in the signal maximum, when 
the frequency variation is lowest. On the other hand, the fabrication variability, both 
from whistles and bellows, and the dependence with the actuation force causes that 
the emitted sound has not a constant duration and the recorded sound wave has not 
a unique and constant shape.  
It has been shown that the frequency response of the microphone is a fundamental 
issue in the detection of micro whistles. Microphones intended to be used for a sonic 
range have been used so far, but the implementation of other microphones, with a 
higher sensitivity in ultrasonic ranges, allow increasing the distance up to which micro 
whistles can be detected, as well as the range of frequencies used. The sound was 
analyzed by using the computer software Labview, digitalizing the data recorded by 
microphones with a DAQ card. For practical applications the use of a computer may 
not be possible. The signal acquisition, process and analysis should be implemented 
in an electronic module attached to the receiver(s). Up to now, receivers are con-
stantly measuring sound, and the system begins to record and process the signal 
when a threshold is overpassed. High-pass filters avoid that sounds in the sonic 
range trigger the record and analysis, but there are sources of ultrasonic noise in 
domestic environments that could cause the triggering. An alternative way can be 
that the sound recorded by microphones is continuously analyzed and any action 
associated with a specific ultrasonic emitter would be executed when the correspon-
dent pattern in the frequency spectrum is found. 
Few models of remote controls have been presented. Given the limited range of 
frequencies because of the frequency response of the microphones (up to 35 kHz), it 
was achieved to develop a remote control of 11 commands with a success rate of 
detection over 94% in all cases except one. As well, different models of switches with 
different functionalities have been constructed for simple applications. Apart from 
that, parabolic mirrors enable the possibility of developing a switch that emits a 
collimated sound pulse, so that depending on where the user points the switch, a 
single receiver can be actuated amongst several of them.  Widening the frequency 
range with ultrasonic-intended microphones and improving the operation of bellows 
could lead to a success detection rate of almost 100%. Besides, the lifetime of 
polymer bellows does not fulfill commercial requirements. Research should be 
invested on this, trying other materials, process of fabrication and ways of actuating 
the pushbuttons.  
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It has been shown how the position of micro whistles can be detected in the plane by 
using a set of three or more microphones.  The position calculation is based on the 
measurement of the time difference of arrival of the emitted sound to different 
receivers. With 4 of them, the position of a single micro whistle was successfully 
detected in the plane with a precision of 10-20 mm. 3D localization can be 
implemented by simply adding another microphone. Localization is based also in 
constant measuring of the environmental sound and triggering when an amplitude 
threshold is overpassed. In consequence, ultrasonic noise may interfere by distorting 
the sound wave if the frequencies of sound signal and noise are similar. Experiments 
have shown that the accuracy of calculation of the time difference of arrival is higher 
for emitters with two micro whistles. They introduce also the advantage of being 
distinguishable from environmental noise, which influence can be minimized by the 
use of filters. Also, localization of emitters with two micro whistles proved to be less 
sensitive to reflections. The position calculation is fully done with Labview, and 
involved a lot of signal processing. More work should be invested on refining and 
optimizing the processing software.  
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Annex 
 
MICROPHONE 1 
Model: EKULIT EMY-63M/P 
Type: Condenser microphone 
Sensitivity: -38 3 dBV/Pa 
Directivity: Omnidirectional 
Impedance: 2000 Ω 
Standard operating voltage 3 – 10 V 
Current comsumption Max. 0.5 mA 
Frequency range: 20 – 20000 Hz 
S/N-ratio: >60 dB 
Operating Temperature: -10°C up to +45 °C 
 
 Typical frequency response curve 
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 Amplifier 
 
Microphone 1 amplifier 
Supply voltage: 24V – 30V DC 
Internal voltage regulation: 12V DC 
Max. Output amplitude: UssOUT  6V 
Max. Input amplitude: UssIN   450mV 
Electrical gain: v  12 
MICROPHONE 2 
Model: SPU0410LR5H-QB 
Type: SiSonicTM MEMS microphone 
Sensitivity: -38 3 dB dBV/Pa 
Directivity: Omnidirectional 
Impedance: 400 Ω 
Supply voltage 1.5 – 3.6 V  
Supply current 120 µA 
Frequency range: 200 - 40000 Hz 
S/N-ratio: 63 dB 
Operating Temperature: -40°C up to +100 °C 
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 Typical frequency response curve 
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 Amplifier 
 
Microphone 2 amplifier 
Electrical gain and phase shift for different frequencies 
VP-P in : 1mV (sine) Without high-pass amplifier With high-pass amplifier 
f [Hz] Vout [V] ϕ[°] Vout [V] ϕ[°] 
100 0,143 0 0,084 269 
5000 0,173 30 5,25 278 
Max 
6027 
Max 
7975 
0,177 35 6,69 360 
10000 0,121 43 6,28 425 
20000 0,040 49 2,78 436 
50000 0,016 78 0,91 48 
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COMPARISON BETWEEN MICROPHONE 1 AND 2 
DAQ CARD 
Model: NI USB-6251 
Number of inputs: 8 
Quantization: 16 bits 
Sampling rate: 1,25MS/s single channel, 
1,00MS/s multi-channel 
 
 
  
Amplitude registered by microphones 1 and 2 of the sound produced by ultrasonic 
emitters manually actuated with a bellow type H (see table 4.3) a minimum number of 
40 times, at a distance of 5 meters. Above, the gain was adjusted to the same value 
to a sound produced by a piezo excited with a function generator (sine wave, 20 kHz, 
10V amplitude, no offset), and the filter deactivated in amplifier two. Below, the 
results correspond to the same test but with the gains adjusted to maximum (and 
having the filter activated in amplifier 2). 
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MACHINE PARAMETERS FOR MICRO WHISTLE FABRICATION 
Machine: BRANSON 2000IW 
 
 
 
 
 
 
 
 
 Embossing of the base, 2 PET foils 500 µm in thickness 
 SONOTRODE A SONOTRODE B 
 
One -two 
micro 
whistles 
One -two 
micro 
whistles with 
Linput channel = 
25 mm 
Three micro 
whistles 
One - two micro 
whistles 
Pressure [kPa] 200 300 300 200 
Welding time [s] 
1.150 
*1.000 - (90°C) 
0.800 *1.250 - (80°C) 0.325 
Holding time [s] 3 3 3 3 
Trigger 1 15 3 16 
Amplitude 
[%maximum] 
55 75 55 50 
 
 
 
 
 
 
 
  
Sonotrode A Sonotrode B 
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 Embossing of the base, PMMA plate 3-4 mm in thickness 
 SONOTRODE A 
 
One micro 
whistle 
Two micro 
whistles 
Three micro 
whistles 
Pressure [kPa] 200 200 250 
Welding time [s] 0.900 1.000 1.100 
Holding time [s] 5 5 5 
Trigger 10 14 14 
Amplitude 
[%maximum] 
60 65 70 
 NOTE: Apply heat with heated anvil (90°C) 
 
 Punching out of the holes in the lid (SAN or PVC 100 µm in thickness) 
 SONOTRODE A - B 
 
Holes for one – two 
micro whistles  
(SAN, PVC) 
Holes for three micro 
whistles (SAN, PVC) 
Pressure [kPa] 100 150 
Welding time [s] 0.050 0.150 
Holding time [s] 1 1 
Trigger 1 1 
Amplitude 
[%maximum] 
50 55 
 NOTE: Use a PEEK foil between sonotrode and polymer foil! 
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 Welding of PET base and lid (PVC or SAN) 
 SONOTRODE A 
 
PVC over one 
whistle 
PVC over two 
whistles 
PVC over one -
two whistles, 
Linput channel = 
25 mm  
PVC over 
three whistles 
Pressure [kPa] 200 200 200 200 
Welding time [s] 0.175 0.400 
0.225 (1 whistle) 
0.3 (2 whistles) 
0.500 
Holding time [s] 3 3 3 3 
Trigger 1 1 2 2 
Amplitude 
[%maximum] 
50 55 60 55 
 
 SONOTRODE A SONOTRODE B 
 
SAN over two 
whistles 
PVC over two 
whistles 
SAN over one 
whistle 
SAN over two 
whistles 
Pressure [kPa] 200 200 200 200 
Welding time [s] 0.250 0.150 0.100 0.200 
Holding time [s] 3 3 3 3 
Trigger 2 1 1 1 
Amplitude 
[%maximum] 
50 50 50 50 
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 Welding of PMMA base and PVC lid  
 SONOTRODE B 
 
PVC over one 
whistle 
PVC over two 
whistles 
PVC over three 
whistles 
Pressure [kPa] 200 250 250 
Welding time 
[s] 
0.200 0.300 1.000 
Holding time [s] 5 5 5 
Trigger 4 4 13 
Amplitude 
[%maximum] 
50 50 70 
 
 Welding of PET pushbutton over lid 
 SONOTRODE A 
Pressure [kPa] 200 
Welding time [s] 0.350 
Holding time [s] 3 
Trigger 1 
Amplitude 
[%maximum] 
50 
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